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1 SECTION 1 - SUMMARY

i Early in 1985, the lanthanide sesquioxides (Ln20 3) were identified as

potential high temperature transformation tougheners alternative to zirconia

(ZrO2). Their 8-10% volume increase accompanying the monoclinic (B) to

cubic (C) transformation suggested that they should be more powerful than

ZrO 2. In addition, the Ms temperature was raised up to 22000 C indicating

that, based on thermodynamics alone, transformation toughening up to this

temperature should be possible. Hence a proposal was written to the AFOSR

with the aim of transformation toughening silicon carbide (SiC) with

dispersions of monoclinic dysprosia particles giving a microstructure

3 analogous to zirconia-toughened-alumina (ZTA). -

The processing of SiC-Dy20 3 composites proved to be a difficult task,

essentially because of the existence of a thin silica (Si0 2) film around the SiC

particles. This caused the formation of a Dy203 + Si-containing liquid which

surrounded all the SiC grains as an extensive interphase. As described more fully

in Section 5, the processing work was slow and a range of densification

I techniques were used, including

(i) hot pressing at 2000'C in a graphite die.

(ii) hot pressing followed by ejection from the hot zone to achieve faster

* cooling kinetics.

(iii) sintering in an inert atmosphere at 2100'C followed by furnace

quenching.

(iv) hipping at 2000'C in Ta encapsulation.

Oxygen getting additives of boron and carbon have been used with some

reduction of silica containing phase and improved retention of high

temperature B phase.

Prolonged annealing in air at 1500'C for 50 hr resulted in extensive

formation of unidentified phasps partirtl-ir!y in, specimens which were hoL

pressed in the graphite die. However, in the Ta encapsulated hipped

specimens, the microstructure was stable and unchanged after annealing in

air. The -5 wt% Si present in the Dy203 wetting phase after hipping was still

unchanged after annealing, and no new phases were detected by XRD. Prior

I
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washing of SiC powders with HF did have a tendency to reduce the Si content

in the Dy203 phase. In completing this work it is proposed to investigate
ways to remove the SiO 2 film and to determine its effect in retarding the B to

C transformation, if any.

Thus, the work to date gives a glimmer of hope that Dy203 may still be
a transformation toughener of SiC matrices up to elevated temperatures

(-1850'C). Important factors in processing have been identified viz., very fast

quench rate and total removal of SiO 2 is required.
Meanwhile, theoretical crystallography and experimental kinetic

studies were made of pure dysprosia whose Ms temperature on cooling is 1850
'C and on heating is 1950 'C. An M.S. thesis by Mr. 0. Sudre aided by Dr.

K. Venkatachari describes the theoretical mechanism of the crystallography of

the A (hexagonal) to B(monoclinic) to C (cubic) transformation. The structure

changes are complex since the X-ray unit cells contain large numbers of

formula units per cell, i.e. hexagonal (Z = 3) to monoclinic (Z =6) to cubic
(Z = 16). The structural correspondences proposed are presented in Figs. la, b.
A crystallographic model for the B < C shear mechanism has been

postulated. From lattice parameter measurements extrapolated to the
transformation temperature (1950'C), calculations indicate that the volume

AVchange Vmnon cooling:

(i) at room temperature is (+) 8.54%

(ii) at 1950'C is (+) 5.07%.
This corresponds to a volume change of 2.5 to 3 times larger than in ZrO2,

with a strain energy 4 times larger than for ZrO2 at room temperature. In

ZrO2, the volume increase on transformation is 3% at 9500 and 4.9% at room

temperature. This may be a reason for the observation that the

transformation could not be nucleated at room temperature. At elevated
temperatures the strain energy is 0.294 which is still comparatively large.3 Experimental studies of dysprosia have shown that, unlike in ZrO2,
cooling kinetics play a crucial role in retention of the high temperature
B phase of Dy203 down to room temperature. Quench rates of 106 °C/sec have

been achieved by melting sintered bars of Dy203 with a C02 laser and roller

quenching between two titanium rollers. In the TEM the microstructure was

seen to be fine-grained and highly defected. Annealing at 400'-500'C
removed many defects. Further annealing at 600'C and above caused sudden

I
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transformation to C phase, accompanied by shattering or self disintegration of
flakes. This effect was recorded by hot stage high voltage transmission

electron microscopy (HVEM at the Argonne National Lab. Tandem Facility).
Annealing of the B phase flakes was carried out for different times at different

temperatures and the amount of C phase formed was determined by

quantitative x-ray diffraction. The results were analyzed using the Avrami

* equation:

f(t) e -ktn

where f(t) = fraction of monoclinic phase left untransformed.

t = time

n = kinetic law constant (order of the transformation)

k = kinetic constant

The constant k can be related to the activation energy Ea by

k = ko e-Ea/RTI
As seen in Fig. 2a, b, the Ea was measured as 396 KJ/mole below 600'C and it

decreased to 31 KJ/mole at higher temperatures. This suggests that a

reconstructive mechanism operates below 600'C and a displacive mechanism
above it.

aviOn another level, during the course of this work, several new
transformation tougheners alternative to zirconia were identified and a

review paper by Kriven was published(l).

As seen in Fig. 3, there are some close analogies between the

polymorphic transformations in zirconia the lanthanide sesquioxides and in

Ca 2SiO 4. In both cases the monoclinic phase appears as an intermediate phase

between two higher symmetry phases, and transformation from the monoclinic

on cooling involves large, positive volume changes. The volume change in

Ca 2SiO 4, (abbreviated as C2S) is 12%, even larger than in Dy20 3. Although it does

I not offer the possibility of high temperature transformation, dicalcium silicate
expands the number of matriccs such as other silicates and glasses which may

benefit from transformation toughening. The polymorphic transformations in

dicalcium silicate are illustrated in Fig. 4I
U
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Fig. la The structural relationship between three, stacked, primitive
subcells of the hexagonal A phase and the monoclinic (Z=6) x-
ray -cell of the B phase lanthanide sesquioxides.

I~[ 001C~

Ham=4

Fig. l b The structural relationship between the monoclinic, (Z=6),I (hatched) and cubic (Z=16) x-ray unit cells of the lanthanide
sesquioxides.
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During the past four ytars, collaboration in the form of a shared Ph.D.
student has taken place between Professor W. Kriven and J. F. Young who is

an established authority in cement chemistry. This fruitful interdisciplinary

interaction has yielded insight and background knowledge into the behavior

of dicalcium silicate from the perspective of work done in cement chemistry

which is relevant to potential transformation toughening applications. The

findings were distilled into a publication by Kriven, Chan and Barinek.( 2 ) In

particular, it was recognized that a particle size effect operates in 3-C2S as it

does in ZrO 2. This is the key parameter controlling crack-tip stress-induced

transformations. Particles of C 2S can be metastably retained in the 3 phase by

dispersion into a constraining matrix. Two theses on this topic by C. J. Chan

(Ph.D.) and E. A. Barinek (M.S.) have recently been submitted.

Composites of 0 to 30 vol% 3-C2S in calcium zirconate (CZ) matrices

were fabricated by sintering and hot pressing techniques.( 2) The

microstructure consisted of irregularly shaped, twinned P3-C 2S particles

intergranularly dispersed in a CZ matrix. The material was analogous to

zirconia toughened alumina (ZTA).

Processing techniques have been developed so that several parameters were

optimized simultaneously. These included:

(i) density

(ii) complete reaction between components

(iii) optimum vol% C2 S addition

S(iv) cooling rate

(v) critical particle size for stress-induced transformation

When the P-C 2S particle size was too large, spontaneous transformation

would occur on cooling, causing cracking and disintegration of the pellet.

When the particle size was too small, even the roughest surface grinding

could not induce the 3 " 7 transformation.

Definition of the critical particle size is discussed in the paper by

Kriven, Chan and Barinek ( 2) . While in ZrO2 !he "critical particle size" refers

to a single crystal tetragonal particl. which transforms to a twinned

monoclinic particle, the situation is reversed in the case of C 2S. Here, the

I
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cq' -4 3 transformation produces twins (by a martensitic mechanism) so that

the 3 phase is twinned before transformation to y. In addition, rapid

quenching through the oX --* (XH' transformation at 14251C causes cracking

across twins which reduces even further, the critical volume for

transformation to within one twin. Thus an ambiguity exists in the

definition of the critical particle size for transformation in the C 2S system.

While SEM and TEM analyses revealed a correlation between grain size and

twin width, results suggested that the critical particle size may be determined
I by:

(i) overall C 2S grain size

(ii) 3 twin thickness

(iii) both twin thickness and twin length

Observations of polished surfaces of 30 vol% C 2S-CZ composite

indicated that the stress-induced transformation of P-C 2S particles could be

induced by surface grinding. Parallel lamellar features in C2S particles

appeared in SEM micrographs (Fig. 5a). Corresponding X-ray diffractometry

of ground surfaces indicated that the transformation to y had occurred (Fig.

5b). A transformation zone of such particles at the wake of a crack emanating

from a Vickers indent could be identified by SEM (Fig. 6a, b). Preliminary
mechanical data by the Vickers indentation technique (Fig. 7) indicated a five-

fold increase in toughness in 10 vol% C 2S compositions. Considerable

improvements to this are expected by optimization of composition and3 particle size distribution. A patent disclosure to the University of Illinois of

these preliminary results has been made.

I REFERENCES

3 1. "Possible Alternative Transformation Tougheners to Zirconia:
Crystallographic Aspects," W M. Kriven. J. Am. Ceram. Soc., (1988), in
press.

2. "The Particle Size Effect of Dicalcium Silicate in a Calcium Zirconate
Matrix," W. M. Kriven, C. J. Chan and E. A. Barinek. Proc. Third Int.
Conf. on Science and Technology of Zirconia, Tokyo (1980). Advances in
Ceramics, \,ol. 24, part A (1988) 145-155.I
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I Fig. 5a SEM micrograph of a calcium zirconate (CZ)-30 vol% C 2 S
composite. The C2 S has a slightly darker colour. The specimen was
gently sawed with a diamond tipped blade, causing the P-C 2S to
transform to y. The Y-C2S grains are visible by the parallel striated
features, which give rise to y peaks in X-ray diffractometry patterns.
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I
I i Fig. 6b SEM micrograph of a polished CZ-30 vol% C2S composite in the

region of a Vickers indent. Away from an demanding crack, no
striated features were observed in the C2S grains, as seen in the
magnified insert, to the right of the figure.

I.



I
14

3.0

, x

I

i0 3o-3

I c

L/

I
o o C S 30

I
I
I

Fig. 7 Preliminary toughness data from Vickers indentation

measurements for various compositions Of P-C2S dispersed in

calcium zirconate



I

SECTION 2 - PUBLICATIONS 

15

"Particle Size Effect of Dicalcium Silicate in a Calcium Zirconate Matrix",
W. M. Kriven, C. J. Chan and E. A. Barinek, Science and Technology of
Zirconia III edited by S. Somiya, N. Yamamoto and H. Yangida.
American Ceramic Soc., Advances in Ceramics 24, (1988) part A, 145-155.

"Possible Alternative Transformation Tougheners to Zirconia:
Crystallographic Aspects," W. M. Kriven, J. Am. Ceram. Soc. (1988)
71 [12] 1021-1030.

"Microstructural Characterization of Laser-Melted Roller-Quenched
Dicalcium Silicate," C. J. Chan, K. R. Venkatachari, W. M. Kriven
and J. F. Young. Proc. 46th Annual Meeting of the Electron
Microscopy Society of America (EMSA). Edit. G. W. Bailey, San
Fransisco Press. Milwaukee, WI, Aug. (1988), 582-583.

"Analytical Electron Microscopic Studies of Doped Dicalcium
Silicates," C. J. Chan, W. M. Kriven and J. F. Young,
J. Am. Ceram. Soc., 71 [9] (1988) 713-719.
Paper won Brunauer Award of the American Ceramic Society (1988).

THESES

"Investigation of the Monoclinic (B) to (C) Transformation of
Dysprosium Sesquioxide (Dy 20 3 )." M.S. thesis by 0. Sudre. Submitted
Dec. 1987.

"The Development of Dicalcium Silicate as a Transformation
Toughener." M.S. thesis by E. A. Barinek. Submitted Dec. 1987.

"Effect of Phase Transformations, Chemical Doping and Matrix
Constraint on the Microstructural Development of Dicalcium
Silicate." Ph.D. thesis by C. J. Chan. Supported jointly by NSF and
AFOSR through Professors J. F. Young and W. M. Kriven. Submitted
Feb. 1989.

"Determination of the Critical Particle Size of Dicalcium Silicate in the
Transformation Toughening of Magnesia." M.S. thesis by E. S. Mast,
anticipated submission date Oct. 1989.

I "Processing, Microstructure and Phase Transformation of Dysprosia in
Silicon Carbide Matrix Composites." Ph. D. thesis by Shin Kim,
anticipated submission date Jan. 1990.
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"Transformation Toughening of Calcium Zirconate by Dicalcium
Silicate." E. A. Barinek and W. M. Kriven.

"Crystallography and Kinetics of the Monoclinic (B) the Cubic (C)
Transformation in Dysprosia." 0. Sudre, K. R. Venkatachari and
W. M. Kriven.

At least two further papers from theses are in progress.

SECTION 3 - CONFERENCE PRESENTATIONS

"Possible transformation tougheners alternative to zirconia-
crystallographic aspects," W. M. Kriven*. Presented at the Annual
Meeting of the American Ceramic Society, April (1986), Chicago.

m "Micros tructure characterization of non-stoichiometric dicalcium
silicates doped with aluminum oxide," C. J. Chan*, W. M. Kriven and
J. F. Young. Presented at the American Society for Electron Microscopy
(EMSA) 44th Annual Meeting, Albuquerque USA, Aug. 10-15 (1986).

"Possible transformation tougheners alternative to zirconia-
crystallographic aspects," W. M. Kriven* presented at the Advanced
Ceramics II Lecture Meeting, held at Tokyo Institute of Technology,
Japan Sept. 4-5th (1986).

"Dicalcium silicate in the CaO-ZrO-SiO2 system," W. M. Kriven* and
C. J. Chan, presented at the Third Int. Conf. on Science and Technology
of Zirconia, held at Tokyo, Japan, Sept. 9-11th (1986).

"Transformation mechanisms in confined zirconia particles and in
other potential new tougheners of ceramics", W. M. Kriven* (invited
paper) presented at Fall Meeting of the Metallurgical Society (TMS) of
the AIME, on Physical Metallurgy and Materials, Orlando, Florida,
October (1986).

"Possible transformation tougheners alternative to Zr02-
crystallographic aspects" W. M. Kriven.* Abstract (#54-BP-87),
presented at the Annual Meeting of the American Ceramic Society,
April (1987), Pittsburgh, USA.

"Effect of kinetics on Ca 2SiO 4 microstructure development,"C. J. Chan*
and W. M. Kriven. Abstract (#112-B-87), presented at the Annual
Meeting of the American Ceramic Society, April (1987), Pittsburgh,
USA.
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"Development of dicalcium silicate as a transformation toughener,"
E. A. Barinek* and W. M. Kriven. Abstract (#272-B-87), presented at
the Annual Meeting of the American Ceramic Society, April (1987)
Pittsburgh, USA.

"Possible transformation tougheners alternative to ZrO 2 :
crystallographic aspects," W. M. Kriven.* Presented at 12th Conf. on
Composites Materials and Structures, Jan. 20-22nd (1988) Cocoa Beach,
Florida, USA.

I "The stabilizing role of glassy phases on the P to y transformation in
dicalcium silicate," C. J. Chan*, W. M. Kriven and J. F. Young. Abstract
(#46-BP-88). Presented at the 90th Annual Meeting of the American
Ceramic Society, Cincinnati, May 1-5th, 1988.

"Monoclinic to cubic transformation in dysprosium sesquioxide,"
0. Sudre, K. R. Venkatac.ari and W. M. Kriven. Abstract (#47-BP-88).
Presented at the American Ceramic Society, Cincinnati, May 1-5th,
1988.

"Microstructural characterization of laser-melted, roller-quenched
dicalcium silicate," C. J. Chan,* K. R. Venkatachari, W. M. Kriven and
J. F. Young. Presented at the 46th Annual Meeting of the Electron
Microscopy Society of America (EMSA), Milwaukee, Aug. 7-12th, 1988.

I "Transformation tougheners alternative to zirconia - crystallographic
aspects" W. M. Kriven* (invited keynote address). Austceram 88, Int.
Ceram. Conf. and Exhibition, held in Sydney, Australia, Aug. 21-26th
1988.

"The monoclinic to cubic transformation of dysprosia," W. M. Kriven*
and 0. Sudre, Austceram 88, Int. Ceram. Conf. and Exhibition, held in
Sydney, Australia, Aug. 21-26th 1988.

I "Martensitic toughening in ceramics: possible alternative tougheners
to ZrO2," W. M. Kriven.* Invited paper at DOE-sponsored Int'l
Workshop on First-Order Displacive Phase Transformations, held in
Berkeley, California, Oct. 23-28th, 1988.

"The monoclinic (B) to cubic (C) transformation mechanism in
dysprosia," 0. Sudre, K. R. Venkatachari and W. M. Kriven.* Abstract
(#100-B-89). Presented at the 91st Annual Meeting of the American
Ceramic Society, Indianapolis, April 23-27, 1989.
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I "Processing and phase transformation of dysprosia in silicon carbide 18

matrix," S. Kim* and W. M. Kriven. Abstract (#18-SI-89). Presented at
the 91st Annual Meeting of the American Ceramic Society,
Indianapolis, April 23-27, 1989.

"Sintering and microstructural development of dicalcium silicate in
magnesia," E. S. Mast* and W. M. Kriven. Abstract (#7-SI-89).
Presented at the 91st Annual Meeting of the American Ceramic Society,
Indianapolis, April 23-27, 1989.

"Eutectic sintering for formation of dicalcium silicate in magnesia,"
E. S. Mast*, R. Pilapil and W. M. Kriven. Abstract (#43-BP-89)
Presented at the 91st Annual Meeting of the American Ceramic Society,
Indianapolis, April 23-27, 1989.

"Martensitic transformations in ceramics," W. M. Kriven* To be
presented at the International Conference on Martensitic
Transformations (ICOMAT-89), Sydney, Australia, July 3-7, (1989).

"Investigation of the monoclinic (B) to cubic (C) transformation in the
lanthanide sesquioxides", W. M. Kriven*, P. D. Jero, 0. Sudre and K. R.
Venkatachari. To be presented at the International Conference on
Martensitic Transformations (ICOMAT-89), Sydney, Australia, July 3-7,
(1989).

"Martensitic nucleation and transformation in J - y dicalcium
silicate", W. M. Kriven*, C. J. Chan and E. A. Barinek. To be presented
at the International Conference on Martensitic Transformations
(ICOMAT-89), Sydney, Australia, July 3-7, (1989).
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1. INTRODUCTION

I The importance of dicalcium silicate (Ca2SiO4 or C2 S) has been
studied for some time in various fields. A diagram of its five
polymorphic phases is shown in Figure 1.

The P form commonly occurs in Portland Cement but it must be
stabilized from undergoing transformation to the more
thermodynamically stable Y phase. In the field of cement,
hydraulicity is of major concern. The study of 1-dicalcium silicate
(an impure form known as belite) is important since less calcium
hydroxide is formed on hydration, it has a low heat of hydration and
helps to form a strong matrix.

It also occurs naturally as minerals known as bredigite (W-
Ca2SiO4) larnite (1-Ca2SiO4) and an unnamed form (Y-Ca2SiO4). In
addition dicalcium silicate is of interest in the refractory industry, as

* in cement the phase transformation from P to Y is considered
deleterious. In basic magnesia refractories calcium is usually present
as an impurity, which in the presence of silica forms dicalcium
silicate. This reaction can occur in refractory bricks when in service
or during production. Its formation may even be promoted since C2 S

is one of the higher melting silicates.
The P to Y phase transformation is quite powerful since it is

i accompanied by a 12% volume expansion. Until now there was no
attempt to use the energy of this transformation constructively. In

* addition this large volume expansion makes it a prime candidate for
its study as a possible transformation toughener, since the
transformation seems to be martensitic in nature. It has shown
positive results in preliminary studies(l).

I
I
I
I
I
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1.1 Background

I There are several ways of controlling a martensitic
polymorphic transformation:

I 1) Chemical stabilization,

2) Particle size,

3) Matrix constraint,

I Chemical impurities added to the system are thought to act as
substitutional cations on the Ca 2+ sites. The distortion of the
surrounding lattice by this substitution affects the rate and/or ability
to transform from the monoclinic to the orthorhombic phase.

The ability of a particle to transform is directly dependent on
its size. Below a critical cutoff size the particle will not transform to
the Y phase. A "single crystal" particle requires a certain amount of
energy to overcome the transformation barrier. The difficulty of
nucleatiig a transformation increases as the particle size decreases.
This was shown specifically for C2 S by Chan(2). X-ray diffraction

showed that for a decrease in particle size the magnitude of the Y
phase peak subsided while the I0 phase peak appeared and then
increased in magnitude.

Matrix constraint is the primary mechanism used in

transformation toughening. This is an appropriate mechanism since
the hydrostatic constraining force exerted on the 03 C2 S particle by the
matrix will act in such a way as to alter the energy at the particle
surface interface. A disruption of this stress field by the associated
stress-strain field of an approaching crack will lower the interfacial
energy and thereby allow the formation of the equilibrium 7 phase.

* The exact mechanisms and crystallographic details of this process
have yet to be worked out. The proccss becomes crystallographically
complicated very quickly. During the X'L0-0j3 transformation

crystallographic twins form(3). The size and orientation of these
twins controls the morphology of the 03 phase. This subsequently
plays a role in tht. kinetics of the 3-+ structure change. During the
transformation the twinned 03 converts to an untwinned 7 phase. TheI

I
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I FIGURE 1 Polymorphic transformations of dicalcium-silicate, to 7is basis of

transformatin toughening studies.

I Powder X-ray data from Regourd et al. ( 12)
For a'L phase, the single crystal studies on doped Ca2 SiO4 by Saalfeld
[ 13] and Udagawa and Urabe [ 141 found that the superlattice is actually

along the c-axis and 3 times that of the basic cell.

**Powder x-ray data from Udagawa and Urabe [ 14]



I
* 24

twins could actually play a key role in the macroscopic j--]
* transformation.

1.2 Project Objectives

The goal of this research is to produce a composite of C2 S in
magnesia which displays the toughening ability of C2 S for a relatively
soft, low elastic modulus material. As shown by the phase diagram,
Figure 1.2, there are no intermediate compounds on the MgO-C 2S tie
line. Their solid solubilities in one another are low, and the eutectic
is at 18000C.

I To produce the maximum toughening effect the composite must
be fully dense. Most importantly the critical particle size of C2 S
must be determined. Then for optimization of the system the critical
volume percent of toughener must be determined. These last two

* effects may prove to be interdependent due to interlocking stress
fields. Optimal firing, cooling and annealing schedules need to be

*determined concurrently with the composite investigations.

2. REVIEW

I This portion of the project was started by E. Mast nineteen
months ago. Much old literature, from the late sixties and early
seventies, was found on the study and control of C2 S in the basic
refractory industry. Some useful literature was also obtained from
the cement industry, although the emphasis in both of these fields
was directed towards suppressing or eliminating the 1-3Y
transformation. When the transformation occurred it became known
as "dusting." Dusting is the phenomenon where refractory bricks
containing C2 S were reduced to a pile of "dust" upon exiting the
furnace. The uncontrolled 3--*Y transformation of the C2 S could cause
the destruction of a monolithic brick into small ruble. If harnessed,

n this powerful mechanism could be used for transformation
toughening, that is if the mechanism is martensitic.

Martensitic transformations were first discovered in metals.
Quenching of steels can create the martensite structure. In fact thisI

I
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thermodynamically unstable compound is one of the keys to making
steel what it is. Internal stresses locked in from quenching are
responsible for creating an energy barrier to the kinetics of the
transformation. In toughening the external energy applied to
overcome the free energy of the transformation energy barrier is
acquired from a strain field. This specific type of transformation is
termed a shear strain-induced martensitic transformation. As

classified by Cohen(4) the necessary and sufficient requirements for
martensitic phase transformations are:

a) displaciveness of the lattice distortive type involving a
shear-dominant shape change,

I b) the transformation does not require diffusion

c) kinetics and morphology during the transformation are
dominated by a sufficiently high shear-strain energy in the

*process.

3 For C2 S to have a martensitic mechanism it must fulfill these three

criteria.
* For quite a long time it was thought that this mechanism could

not exist in ceramics due to the increased crystallographic
complexity. This idea was suggested to be false in 1968 by King and
Yavorsky(5) and proven false by others later. Zirconia was chosen
for the material of interest with good reason. It is relatively simple
to understand crystallographically and can be controlled by chemical
stabilization. It was a good model system shown by its current5 commercialization applications in such materials as partially
stabilized zirconia (PSZ), zirconia toughened alumina (ZTA), and

* others.

I
I
I



I
27

The next logical sten in the development of transformation

toughening of ceramics is the location of materials alternative to
zirconia. This will do at least two things:

I a) give a better understanding of the atomistic mechanisms
involved in toughening materials

I b) gain a further insight into the possible uses of martensitic
mechanisms in ceramic systems.

2.1 Previous Work

Some success was seen in the first year of research.
Specifically it was initially shown that the system was chemically
compatible, and areas for further concentration were defined.
Magnesia is not a stabilizer for C2 S. It has minimal solubility in C2 S

I and likewise for C2S in MgO.

The first task was to find a satisfactory method for the
production of dicalcium silicate for the addition to the magnesia

matrix. The method settled upon used calcium carbonate and silicic

acid. Both had good reactivities.
The prepared C2 S was attritor milled for various times and

then added to a matrix of magnesia. This method was tried first

since it was the one currently used by Barinek'. It was soon realized
that this method was not suitable for my work. Although promising
results were obtained, the attritor mill produced a wide distribution

of C2 S particle sizes. These distributions were characterized by

sedigraph techniques. It was shown that any individual distribution

could be shifted systematically by controlling the time of attritor3 milling. These results were reproducible but only within certain

limits.
At the optimal point of attritor milling, thirteen to fourteen

minutes, the pellets formed with this C2 S transformed

uncontrollably. This was attributed to the presence of a distribution3 of C2S particle sizes in the matrix. It is thought that the presence of a

I

U



i 28

few "large" P C2 S grains which were unstable, induced a self
transformation. This is due to the size effect as mentioned
previously. If these grains were much larger than the critical
patticlc size for the matrix they would transform to the 'Y phase
without outside stresses to constrain the transformation. The strain
induced into the matrix by these transformed grains could in turn
induce the same transformation in C2 S grains which would have
normally been stable. As this wave spread through the body a
progression of P-4 phase changes would ensue and in time the once
monolithic piece would be reduced to a pile of powder.

A second problem discovered in the processing was a decrease
in the density of the composite pellet as the particle size of the C2 S
decreased. At the point of optimal attritor mill time the density of
the aggregate pellet was below ninety percent. For best results a
fully dense body is desired. This is obvious since a porous body
could not exert a hydrostatic pressure on the critical particle size 13-
C2 S grains. A 3-C2S grain next to a pore would not be in equilibrium
and the associated nonuniform stress field would permit the [-tY
transformation.

i The jobs ahead were to then:

a) narrow the C2 S particle size distribution range

i b) alter powder processing to increase the composite density

The former included just trying to define a particle size for
i these lenticular particles with lath morphology. And to make

particle size cuts as clean as possible, thereby narrowing the particle
size distribution range. It was clear that another method besides
attritor milling needed to be employed in obtaining the desired

* distribution.
The later involved altering the surface chemistry of the

magnesia used as the matrix material. The raw magnesia is a
submicron powder with an associated high surface charge. This
electrostatic type charge makes the powder difficult to work with.

* There are unlimited methods of approaching this problem.

I
I
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2.2 Current Research

U The current state of affairs is to take what has been learned
from research on the above two problems and use it to make a dense
coherent pellet containing C2 S grains of critical particle size and test
their toughness. The optimal volume percent loading and related
grain size of the C2 S will be determined next. The toughness

increase will be maximized in this ideal system.I

3. EXPERIMENTAL

* 3.1 Material Processing

Processing is one of those things that could go on indefinitely.
It is a rare situation when one can no longer make improvements in
a process. Unfortunately this case is not special. The method of
processing has been changing and improving as the project
progresses.I
3.2 Characterization

H Seveial methods were used to analyze the powders and the
resulting composite pellets. One of the most powerful and useful was

scanning electron microscopy (SEM). The morphology of the C2 S
powder was continually checked and studied using the SEM. X-ray
diffractometry (XRD) also allowed a continual analysis of the phases
present during the steps of processing. Other methods included the3 sedigraph for a spherical Stoke's equivalent particle size analysis. A
sonic sieve and an air classifier to determine particle size

* distributions and extract desired particle size cuts.

I
I
I
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resultant "dusted"
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added to matrix as
a transformation

I toughener

I FIGURE 3.3 Flow chart showing processing used in formnation of dicalcium-
silicate.
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3.3 Dicalcium Silicate Synthesis

Specifics on the raw materials used are included in Appendix 1.

Figure 3.3 gives the flow chart for C2S production. The new C2 S

forming method is as follows:I
i) mix calcite and silicic acid ultrasonically in isopropanol (IPA)

ii) evaporate off alcohol on a hot plate with stirring in a hood

iii) initial calcination at 1000oC for 3 hours in a Teresco furnace

iv) mix/grind with mortar and pestle, sieve with 100 micron

* sieve

v) press 1" pellets, B60A as binder, 2500 lbs. uniaxial pressure

vi) react at 14500C for 2 hours

vi a) anneal at 9000C for 2 hours (only used with air

classifying)

vii) transformed powder ultrasonicated in IPA with B60A to

decrease fragility

I viii) stirred/dried on a hotplate in a hood

ix) particle size separation of dried powder

3.3.1 Dicalcium Silicate Powder CharacterizationI
Variables in processing of the C2S were altered or steps were

added as more was learned about its nature. It is a very fragile
material just after forming composed of loosely joined bundles of

laths easily disrupted by further handling. When this happens

individual laths can be knocked off which decreases the effective
particle size. For this reason steps; vi a to viii, were added after

observations of how the powder was acting during processing.

Discussion of this is below. Steps; iv and v, were added when someI
I
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unreacted powders remained after processing. In this alternating3 way of processing and characterization the current method of
processing resulted.

I 3.3.2 Polymer Additions

3 A rough determination of the amount of B60A required to coat
the surface of a gram of C2 S was determined by a test tube series. To
a rack of test tubes, each containing two grams of C2 S in IPA,
different amounts of IB60A acrylic resin was added. The C2 S was as
prepared before size fraction separation. Ultrasonicating was used to
mix the solutions. After allowing the solutions to come to
equilibrium overnight it was determined that 0.3 mls of a 2.5X10-
5g/ml solution per gram was best. The solution with lowest bulk
volume was termed the best. This is because a monolayer coverage
of the polymer, without agglomeration, will give the best packing of
the powder. The surface charge will be just saturated with no
additional agglomeration from additional polymer. It is hoped, but
not proven directly, that this polymer, when dried onto the surface
and in the cracks of the C2 S, will give added strength to the particlesU during further processing. The fragility of the larger particles was of
a major concern if they had happened to have the critical particle

* size.

3.3.3 Sonic Sieve

A complete particle size analysis series was done for several
different batches of C2

S to check the integrity of the formation
process. The results showed relative consistency but gave a spread
on the small particle size end of the distribution. The tabulated
results of this series is contained in Figure 3.3. From the C2 S powder3 collected, both polymer treated and untreated, composite pellets
were formed containing 15 volume percent loading. Pellets were
fired just as the pure magnesia matrix pellets were fired. The pellets

were not annealed.

I
I
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There seemed to be a difference in the polymer treated C2 S

* composite pellets in that they tended to complete their

transformations faster and more completely than the untreated ones.

This was based on empirical observations. Nothing quantitative

could be attained.

The pellets of -20 +10 micron size C2 S transformed only at the

I surface. Magnesia has a relatively low vapor pressure. So one

possible explanation is MgO at the surface volatilized and left a C2
S

enriched layer which initiated its own transformation. This surface

transformation occurred within a day after the pellet was removed

from the furnace and kept in a dessicator. Densities of the green and

fired pellets were measured. Transformation had begun before

densities were taken. These pellets continued transforming over the

period of a month. Annealing should have caused equilibrium to

occur, allowing full transformation even before complete cooling.

* Therefore the critical particle size cannot be attained using sonic

sifting since this (-20 +10 micron) is the smallest size attainable by

this method. Attention will now be diverted to air classification to

see if it can offer a smaller narrower distribution for addition to the

* composite.

3.3.3.1 Sedigraph

The sedigraph uses X-rays to determine particle size and will

give a Stoke's equivalent particle size distribution. This method uses

a spherical particle approximation. It will also give a relative size

distribution of a powder. As mentioned previously it was used to

determine the particle size distribution after attritor milling. This

will be a useful method for determining and given distribution

between two cuts from the air classifier.

I
I
I
I
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3.3.3.2 XRD

i A series of standards were prepared from the sonic sieve
fractions of both annealed and not annealed treated Y C2 S, and not

treated unannealed C2S. A comparison between the annealed and
both of the unannealed, one with B60A and one without B60A,
fractions yielded an interesting result. The 20 values of 2.59 and
2.80 with respective (h k l)'s (041) and (040) gave a relative
intensity difference. The peaks also showed slight shifts. This has
not been studied further. A higher resolution machine with higher
precision needs to be used in order to quantify these effects.

The X-raying of pellet surfaces gives a semiquantitative
analysis of the relative amounts of 3 and 'Y phases. A controlled
induced transformation, such as by grinding, can be followed with
this method.I
3.3.3.3 SEM

U The scanning electron micrographs give the best results to date.
They show the progression in particle size distributions of both the
sonically sifted and air classified C2S. The micrographs are included
in Appendix 2.
The morphology of the larger particles appears more spherical while
the smaller fractions appear more lath like.

Cracks generated from the powerful 12% volume expansion of
the 3-Y transtormation in C2 S separate bundles of laths. The cracks
extend along the c-axis direction parallel to the lath length. At the
same time these cracks occur between laths separating them into
bundles. The different methods of comminution increased the
cracking and proliferated individual lath separation. These fragile
pre-cracked bundles are easily disrupted and split-up into smallr3 bundles or single laths. This was first noticed when sonically sifted
C2 S of a larger particle size was ultrasonicated in a solution of alcohol.I

I
I
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3.3.4 Annealing Effects

1 For the full effect of the transformation the pellets need to be
annealed. A temperature of 9000C was chosen as the annealing
temperature, this is the temperature Chan used. Annealing of the
final composite pellets assured a more reactive equilibrium structure
for the P3-C 2S. A control of the X'L--*j 3 transformation at ~6750C is
necessary to control the twin characteristics of the P-t.,2 S. It is3 thought that the atomic kinetics are fast enough at 9000C to attain
the equilibrium structure. This will guarantee the fastest P-7
transformation possible with no mechanistic hindrance from
diffusion.

3 3.3.5 Air Classifier

The sonic sieves did not give satisfactory results for the
particle size required. The air classifier offers a possible alternative
which can provide the extremely narrow distributions required.

With the air classifier the classifying wheel speed and air
volume are controlled to give a distinct cut point for a material. One3 feed jar and two collection jars are employed, one collection jar for
the coarse fraction and one collection jar for the fine fraction. To3 obtain one distribution two cut points are selected. This means that
the selected material needs to be run through a minimum of twice.
Particle size reduction is severe and the resulting powder shows

some contamination from the process. The contamination has not
been quantified but there is a distinctive color change from the white
powder which goes in and the gray powder which is collected in the
jars. The contamination is most severe on the first run but appears3 to get only slightly worse with continued cutting of the powdcr.

I
U
I
I
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C2S 0

mix in beaker with IPA and
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Ii; i R E 3.4 Flow chart showing processing used in fornmatin of' composire
pellets.
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3.3.5.1 Sedigraph

A complete analysis of the particle size fractions obtained from
the air classifier at different speeds is included in Appendix 3. The
distributions are much narrower than those from the attritor mill,
they are comparable to those of the sonic sifter but at a smaller
particle size. This is exactly the type of distribution desired, the only
other way to obtain these type of cut sizes may be from a wet

* chemical technique.
A graph showing the three cuts of C2 S used in the formation of

15 volume percent loaded composites is shown in Appendix 3.

3.3.5.2 XRD

The air classified C2S powder was not X-rayed for phase
* determination due to the small amounts of powder obtained by this

method.

13.4 Composite Pellet Formation

A flow chart giving the processing steps for the formation of
the composite pellets is shown in Figure 3.4. In obtaining a dense
composite a dense matrix was a prerequisite. Four surface modifiers
were tried with the pure matrix material and processed analogously

3 to the composite.

3.4.1 Effect of Polymer/Acid/Base Additionsl
A series of experiments was conducted in which two different3 polymers, an acid, and a base were individually added to the

magnesia matrix material and densities measured. Dicalcium silicate
was not used in this series. The amount of additive per gram of
powder varied. Accompanying density changes were tabulated and
graphed in Appendix 4. The order of additions was randomized to3 exclude any systematic error. The amount of uniaxial pressure

I
I
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required to obtain coherent pellets dropped drastically with all
additions.

The sub-micron magnesia starting material was most likely
prepared in a wet chemical method by precipitation. Therefore it is
difficult to know whether it has a positive, negative, or neutral
surface charge which would depend on the pH of the solution from
which it was formed. The surface charge must be suppressed to
allow for the best particle packing in the pressing step and therefore

* the highest green density.
The base, acid and two polymers used were respectively

ammonium hydroxide, nitric acid, B60A an acrylic resin, and B-76 a
polyvinyl butyral. The amounts of each added is included in
Appendix 4. Stock solutions of nitric acid and ammonium hydroxide
were prepared and had calculated pH's of 0.07 and 11.50
respectively. The processing of the magnesia pellets was as follows:I

i) add acid/base to approximately 250ml of IPA ultrasonicate

U ii) add 5.000g of MgO powder to ultrasonicating solution,

ultrasonicate at least five minutes for mixing

iii) evaporate off alcohol on a hot plate with stirring in a hood

iv) dry powder forced through 100 micron sieve

v) press 1/2" pellets -750 lbs. uniaxial pressure

I vi) fire at 15500C in Teresco furnace for 3 hours

3 Tables were formed using Excel on the Macintosh, the results
were then plotted using Cricketgraph.3 A trend was seen just as in the case of the polymers. For the
nitric acid there was an initial increase up to 0.30ml in the density
followed by a decrease, then another gradual increase was seen for
further increases in concentration up to about 3.00ml. For the
ammonium nitrate the trend was almost exactly opposite, there was
a sharp decrease in density at 0.30ml. This was followed by an
increase in density up to about 1.5 ml of base, then again exactlyI

I
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paralleling the trends in the acid there was a gradual decrease in
density up to about 3.00ml NH 4OIi. The trends in the final densities
of the acid and base were opposite in nature. An explanation for this
behavior is just the same as that for the polymer system. Repeating

I from before, the initial peak in the density data arises from
fulfillment of the surface charge on the powder surface. After this
point the second peak is due to the formation of agglomerations or
flocs, partial flocculation is known to increase the density of a body3 when the flocs reach a certain concentration. Initially
agglomerations decrease the density which is what was observed.
But the further increase in acid or base brought about an increase in

the floc concentration and thus density. This second peak is
explained by the fact that packing of a range of particle sizes is more
efficient than the packing of mono-size spheres. For the processing
of the powders I will stick to the area of the first peak where there
are no agglomerates to complicate things. By adding the C2S after the
initial preparation of MgO the formation of flocs of pure C2 S could

* probably be avoided.

4. RESULTS & DISCUSSION

4.1 Sieving vs Air ClassifyingI
The smallest size fraction obtainable with a lower limit (-20

+10 microns) was still too large for a fifteen volume percent loading

of C2S. The -10 micron C2S particle size distribution was too wide
and did not allow for control.

4.2 Dusting PropertiesI
In the pellets where a self induced transformation occurred X-

ray analysis showed no detectable -C 2 S remaining. This correlates
well with the theory. By containing a particle size larger than the
critical partic!e size the matrix could not supply the restraint
necessary to inhibit transformation resulting in a complete 0-7
transformation of all the C2S.I

I
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The thermal stress relief anneal at 7250C was added in order to
allow for a decrease in the C2 S stress field. There is an accumulative

-6.5% thermal contraction from the above transformations. After
this step was included the pellets containing C2S of the critical

particle size dusted completely. The stress relief caused the

apparent critical particle size to increase slightly. This anneal also

I allowed for an immediate and complete transformation of the pellets
containing the C2 S slightly greater than the critical size. Previously

the pellets transformed from the surface out over a given time
interval depending on the C2 S particle size.

4.3 Densities

i Densities were measured using the Archimedes technique.

Hexachloro-1,3-butadiene (98%) was used as the fluid due to its good

surface wetting. Densities were all above 95% in the composites

formed from the three air classifier cuts mentioned earlier.

3 4.4 Microstructures

I The primary method of microstructure characterization at this

time is by SEM. After bodies containing the critical particle size of
C2 S have been formed then work will commence on the TEM. With

TEM the effect of twin size and lattice correspondence effects can be

* better studied.

4.4.1 SEM

Initial success can be seen from the SEM micrographs in

Appendix 2. The morphology of the larger particles appears more

spherical while the smaller fractions appear more lath like. Particles

are well distributed within the matrix . The shape of the classified
C2S is maintained after densification of the matrix around the

particle. Any porosity present appears to be near the C2 S grains.

I
I
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Surfaces were prepared by:

a) Polishing to six microns with diamond paste

I b) Thermal etching immediately after polishing according to
the schedule in Appendix 5.

4.5 Initial Acoustic Emission

U Acoustic emission is a method which uses a transducer to
"listen" to events occurring in a body, such as the phase

transformation of a particle or the propagation of a crack. The
theory is nearly identical to sonar listening for submarines. Just as
the reader, when he was young, probably listened to trains by
placing his ear on the railroad track, the transformation of a particle
can be heard by a transducer coupled to the pellet. If the train
derailed while someone was listening he would be able to tell that
something different from the normal had just happened. Likewise
when different events occur in the sample there would be a
difference in what is "heard." Three separate events that were
recorded while a pellet was undergoing self induced transformations
are shown in Appendix 6.

4.5.1 Energy vs. Frequency Histogram

K By collecting multiple events arising from a particular type of
phenomena, an energy-frequency histogram can be produced.
Statistically there will be variation in the magnitude of a particular
type of event due to the mechanics and electronics of the detection
system, therefore a histogram is used to give a representative energy
distribution for an event type.I

I
I
I
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4.5.2 Particle Size vs. Transformation Energy

I Since the energy released from the transformation of the
particle is directly related to the energy received by the transducer,
the transformation of a larger particle will relate to a higher energy
signal being received by the transducer.

Several ideas, or questions related to this area of study now
* arise.

a) Is it possible to obtain a particle size distribution determined

* by the energy of the transformations?

b) Which particles actively contribute to the toughening effect?

Which ones transform first?

c) Does the transformation of the larger particles induce a
transformation in the smaller surrounding particles?

I d) What is the size of the transformation zone? How many
* particles does it affect?

By employing a double transducer technique the location of a
* specific event can be determined.

4.5.3 Effect of Thermal History

It has been seen that the rate of cooling through some of the
upper transformations will have a definite effect upon the 3-7
transformation. In pellets that contain a C2S particle size just larger
that the critical particle size, for that particular volume percent
loading, self induced transformation occurs. The 6.5% thermal
shrinkage of the C2 S, if not relieved, will have an effect on the
transformation. Acoustic emission can be used to monitor the effects
of this stress on the transformation. A prime opportunity is offered

here to study the interrelated effects of a known hydrostatic stress,

I
I
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known particle size distribution and ;, "ucibility of the

* transformation.
The rate of decay of the body can also be analyzed as the

transformation zone progresses through it. The matrix constraint

stress relief due to either the disruption of the surrounding uniform

stress field by the transformation of neighboring particles or directly

I by exposure to the unconstrained free surface might initiate this self

induced transformation.I
4.5.4 Effect of Twin's Presence

I Twins are formed when the C2 S undergoes the a'L-P

transformation. The propagation of the transformation through the

I twin structure is not well understood. The use of acoustic emission

may be able to help understand how twins accommodate this

* transformation and how the lattice correspondence relation between

the b and c axes occurs. Do all the twins "pop" into position

simultaneously or is it actually a multiple event with the twins

falling rapidly like dominoes?
The monoclinic-orthorhombic (3-7) transformation in dicalcium

silicate is unique from the analogous tetragonal-monoclinic
transformation in zirconia since it enters the transformation already

twinned. Whereas the zirconia forms twins during this

transformation. It may be possible to detect the effects of the twins

* on the transformation by analyzing differences in the characteristic

energy, frequency or other parameter. Twin width, length and/or

volume may alter the characteristics of the transformations as

received by the electronic instrumentation.

I 4.5.5 Microcracking

Since microcracking in addition to transformation toughening is

a contributor to toughness increase of a ceramic it would be

beneficial to find how the two are interrelated. Acoustic emission

can be used to determine the link of how a portion of the energy of a

transformation can be transferred to the initiation of a microcrack.

I
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These two events should be easily distinguishable by their
characteristic energy and frequency.

The stress of the matrix material surrounding a transforming
particle must be relieved in some manner. This relief can be in the
form of microcracking or the rapid expansion of microcracks already
present in the particle's associated stress field. The elastic modulus3 can help determine the propensity of microcrack formation.

It should also be possible to observe a transformation which
formed microcracks to initiate further transformations. The multiple
event may occur at the speed of sound, but it should still be possible
to resolve the contributions of the individual events from the

superimposed signal which is received.

I 5. CONCLUSIONS AND FUTURE WORK

A composite of matrix stabilized j-C 2 S in magnesia has been
obtained in which the particle size has been controlled.

Firstly the toughness needs to be determined. Vickers

indentation will be used to measure the toughness. The toughness
results will be useful to compare to the results obtained by Barinek
for C2S in calcium zirconate (CZ). Calcium zirconate is a hard matrix
compared to magnesia. A transformation zone will be looked for
around the cracks initiated by the indenter using SEM.

TEM will be used to look at the C2 S grain interfaces to study the

* effect and method of constraint on both phases.
Acoustic emission can be used to help understand the

transformation insitu. The properties of the transformation can be
analysed while the particles of C2 S are completely constrained by the
matrix and a crack is induced.

Many parameters such as higher temperature transformations
(those above the 3-Y transformation), twin size, residual thermal
stresses and the effect of thermal cycling through the changing
lattice correspondences affect control of the [3-Y transformation in

IC2S.

I
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MAGNESIUM OXIDE

I Ma nu fa8ct ure rialli n ckrodt

I lot'* 60 15 KXDL

chemical analysis Ammonium Hydrate Ppt ... 0.02%

Barium(Ba)................... 0.005%

Calcium(Ca) ................. 0.05%

IHeavy Metals (as Pb) .... 0.003%

Insoluble in HCl ........... 0.02%

iron (Fe) ...................... 0.0 1%

Loss on Ignition............ 2.0%

Manganese(Mn)............ 0.0005%

INitrate (N03) ............... 0.005%

Potassium (K)............... 0.005%

USodium (Na) .................. 0.5%

Soluble in Water ........... 0.4%

Strontium (Sr).............. 0.005%

Sulfate&Sulphite(as S04)0.02%
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CALCIUM CARBONATE

I Manufacture FISHER SIENTIFIC

3 lot #  874601

chem ical analysis Sodium (Na) ............................ 0.03%

Strontium (Sr) ........................ 0.02%

Insoluble in dilute

I Hydrochloric Acid .............. 0.002%

Water-Soluble Titration

Base ........... O.00 4meq/g

Chloride (Cl) ..................... 0.0005%

Oxidizing Substances

(as N 03) ................................ 0.005%

Sulphate (S04) .................. 0.008%

I Ammonium (NH4) .............. 0.003%

3 Barium (Ba) ......................... 0.00 1%

Heavy Metals (as Pb) .... 0.0002%

I Iron (Fe) ............................. 0.0005%

Magnesium (Mg) .................... 0.0 1%

I Ammonium Hydroxide ppt 0.01%

Potassium (K) .................... 0.002%

Flouride (F) .................... 0.0006%

I
I
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SILICIC ACID

I Me f ec t ure Mell1inckrodt

lot *2a47 KMND

chemical analysis Chloride (Cl)................ <0.01I%

Heavy Metals (as Pb) <0.002%

Iron (Fe).................. 0.0008%

INonvolatile with HF......0.04%

3Loss on Drying ............. 6%

Loss on Ignition.......... 11,5%
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RHOPLEX

HManufacture Rohm and Haas

lot 0 339044

Grade 5-60A

Code 6-5159

Chemical Analysis Acrylic Resin
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I
POLYVINYL BUTYRAL

U
lot 2929,Bulver B-76
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i Appendix 3

i Air Classifier
Calibration Curve

* and Results
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I

CALIBRATION CURVE FOR AIR CLASSIFIERI
35I

-50% P.S.

i 30

V=55-(n/l 000)

* 25

00
E 20

w

IN Source for adjacent cuts

w 15

I I--

i 10

* 5
0iI 0.. I

4000 6000 8000 10000 12000

C
i CLASSIFIER WHEEL SPEED (rpm)

I
I
I



* 60

SEDIGRAPH ANALYSIS OF AIR CLASSIFIER DATA
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I SEDIGRAPH ANALYSIS OF AIR CLASSIFIER DATA
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NH4OH 
DENSITY 

DATA
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Polymer B60A Density Data
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SAMPLE FIRING SCHEDULE

2000-

1750 Controlled cooling
rate through a-a'I transformation

1 900

1250

1250 Thermal stress

w
1000

w
CL 750

w

500-

I250

0 120 240 360 480 600 720 840 960 1080

time (min)
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THERMAL ETCHING SCHEDULE

2000

1750

1500

1250 Thermal stressU relief anneal

cc 1000

w

I500
U250
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time (min)
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PROCESSING AND MICROSTRUCTURE OF DYSPROSIA
I IN SILICON CARBIDE MATRIX COMPOSITES

I
I
I
* Annual Report

I
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I
I

S. Kim and W. M. KrivenI
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I The high transformation temperature of dysprosia, coupled with its 81

thermodynamic stability and low volatility at high temperatures suggests a
high temperature transformation toughening agent in a suitable matrix.
Several processing methods had been studied in order to disperse
monoclinic (B) Dy 2 0 3 into SiC matrix. This is intended to be an analogue to
zirconia-toughened alumina in which 15 vol% of tetragonal zirconia

particles are metastably dispersed in polycrystalline alumina.

The objectives of this research are to form a dense SiC -- B- Dy 2 03
composites by optimizing processing variables and to understand the C +-+ B

transformation of Dy20 3 during densification and subsequent heat

treatments and characterize the microstructure of SiC- Dy2 0 3 composite

* system.

Oxygen impurity is always present in SiC powders as thin surface

oxide film. In SiC - Dy 2 03 system, oxygen reduces the amount of free

dysprosia at densification temperature and increases the amount of liquid
phase. For SiC - 15 vol% Dy 20 3 system, estimated equilibrium phases

present at densification temperature (2000 C) are 94.6 m/o free SiC (solid),
1.7 m/o free Dy 2 03(solid), and 3.7 m/o Dy20 3 - SiO 2 liquid which has a

composition of 78 m/o Dy203 + 22 m/o Si0 2 .

Processing variables include densification methods (hot pressing, hot

ejection, hot isostatic pressing and pressureless sintering), additives

(carbon and boron), cooling rate (quenching) and annealing treatments

after densification.

Hot pressing was conducted at 2000 C using graphite as die and

punch material. Hot isostatic pressing was done at 2000 C using tantalum

I metal encapsulation. The cooling rate was - 53 C/min. Pressureless

sintering/quenching was conducted at 2050 C in argon gas (50.5 KPa). At

the end of the hold time, the power of the heating element was turned off in

order to get the highest cooling rate. Temperature dropped by 200 C in 10

seconds.

Table 1 lists the dysprosia phases and density of the composite after

densification. Hot pressing or hipping (group 1) produced composites with

C-dysprosia rather than B-dysprosia.Carbon and boron additions (group 2)
help to get some dysprosia in the B-phase but the composites still have C-

dysprosia. Hot ejection (group 3) also could not retain the B-dysprosia,

I
I
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i which suggests that the cooling rate was not high enough to retain the B- 82

dysprosia.

Table 1. Dv 20 2 Polvmornhs and Density of SiC - Dv29_: Composites.

i Material Densification/Heat Treatment Dy?-Q3 %TD

i Group 1: No additives

al5D* HP (2000C, 28MPa, 20min) C 88.4
f315D HP (2000C, 28MPa, 20min) C 88.6

I 15D HIP (2000C, 186MPa, lhr) C + B(tr) 98.1

030D HIP (2000C, 186MiPa, lhr) C 92.2

i Group 2: C and B additives

cc30D1C1B HIP (2000C, 186MPa, lhr) B + C 99.9

P30D1C1B HIP (2000C, 186MPa, lhr) C + B 94.1
IoD2C1B sinter-quench (2050C, 20min) B 60.3

Group 3: Hot Ejected (HE)

a1OD1C1B HE (2050C, 28MPa, 20min) B + C 97.5

alOD HE (2050C, 28MPa, 20min) C 93.6

Group 4 :HE Followed by Heat and Quenching Treatments

a1ODlC1B HE-quenching from 2050 C B

alOD HE-quenching from 2050 C B

I * a=a-SiC, P=P-SiC, 15D=15 vol% Dy 2 0 3 , 1C=lwt% C, 1B=1 wt% B

I
I
I
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Heat and quenching treatment of hot ejected materials (group 4) was
conducted by rapidly heating to 2050 C, 10min hold and quenching by

turning off the power of heating element. Temperature dropped by 200 C in

10 seconds. Note that heat and quenching treatments could retain all the

dysprosia in the B-phase, indicating that quenching is effective in

retaining the B-dysprosia at room temperature.

Table 2. lists the comparison of d-spacings and relative intensities

between pure B-dysprosia obtained by plasma spraying of dysprosia on

aluminum substrate and B-dysprosia in SiC- Dy203 composites. The

comparison shows a fairly good agreements in d-spacings with some

differences in relative intensities. Bright field TEM micrographs of hot

ejected cxlOD material is shown in Fig 1. The dysprosia grain wets SiC

grain, suggesting that they formed a liquid phase during densification.

Small crystallites were observed in dysprosia grain, the EDS analysis of

which showed Si peak only, suggesting either SiC or Si0 2 . Fig 2. shows
SEM micrographs of hipped P15D material.

Table 2. Comvarison of d-spacings and relative intensities.

Pure B- Dv9q3 "Dv.-. - in SiC
Plasma Sprayed alOD-HE-Quenched

d-spacing (A) Intensity d-spacing (A) Intensity

3.116 84 3.118 92

3.000 38 3.062 43

2.937 72 .........

2.837 40 2.841 43

2.788 73 2.757 100
2.72 100 2.716 59

I
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I Annealing- heat treatments

I In order to find the effect of long term, high temperature annealing

on the phase stability and microstructure of SiC- Dy 20 3 composites,

annealing heat treatments were conducted by heating at 1500 C for 50

hours. Some materials were also annealed at 1250 C. Static air and flowing

argon gas atmosphere were used as annealing environments. As shown in

Fig. 3, hot pressed or hot ejected materials annealed at 1500 C produced

large amount of unknown phases (labeled X) on sample surfaces both in

static air and in argon gas. The polished surface of hot ejected materials

annealed at 1250 C in air did not show unknown phase (Fig. 4). In contrast

to hot pressed materials, X-ray diffraction patterns of hipped materials

(Fig.5) did not produce any unknown phase on annealing. This is due to

* the use of tantalum encapsulation which isolates the material from the

environments. Annealing at 1500 C in air seems to produce B-dysprosia.

Table 3. compares the d-spacings for pure B-dysprosia obtained by plasma

spraying and dysprosia in SiC matrix after annealing in air. The relative

intensities are different from each other. Bright field TEM micrographs of

air annealed 015D-hip material is shown in Fig. 6. The microstructure of

air annealed materials are similar to that of as-hipped material.I
Table 3. Comparison of d-spacings and relative intensities,

Pure B- Dy20 3  B-DyvO in SiC

Plasma Sprayed P15D-HIP-Air Annealed

d-spacing (A) Intensity d-spacing (A) Intensity

3.116 84 3.081 100

3.000 38 ---

2.937 72 2.933 43

2.837 40 2.850, 2.840 16

2.788 73 2.790 6

2.72 100 2.748 4

I
I
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90I
Because the presence of Si in dysprosia may affect the

transformation behavior of dysprosia, TEM/EDS was taken in order to

determine the Si content in dysprosia grain. Fig. 7 and 8 show the EDS plots

for as-hipped and annealed materials, respectively, indicating the presence

of Si in dysprosia grains. Several measurements were made on different

dysprosia grains and the average Si content is listed in Table 4. Little

difference in Si content is observed after annealing treatments.

]
Table 4. Average Si content in Dv2D. grain in hipped specimens,

(Dy + Si=100%)

Material Average Si Content (at%)

i 15D-As Hipped 5.1%

315D-HIP-Air Annealed 6.6 %

I

CONCLUSIONS

I 1. A dense SiC- Dy20 3 composite containing predominantly B-phase of

Dy20 3 could be obtained.

2. Quenching was effective for retaining the B-phase of Dy 2 0 3 .
3. Chemical problems occurred with hot pressed or hiot ejected sample

surfaces after annealing at 1500C.

4. No new phases appeared in Ta encapsulated, hipped samples on

* annealing.

5. Long term high temperature annealing had little effect on the Si

content in Dy 20 3 grain.

I
I
I
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FUTURE WORK

1. Quenching treatment of hipped composites to optimize B-Phase

* content.
2. Prior hydrofluoric acid treatment of SiC powders to remove oxygen

impurity.

3. Identify small Si containing precipitates in dysprosia grains.
4. Evaluate B - C transformation and mechanical properties.
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Possible CAlternative Transformation Tougheners to
Zirconia: Crystallographic Aspects

WALTRAUD N1. KRIVEN*
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Several ness potential alternative transformation tougheners /irconia has, the folloss ing pol\tnorphs &CN is coordination
to zirconia have been identified on the basis of crystal- number) tUnder ambient pressures:'
lographic considerations and experimental observations. Ex-
amples can be found in ceramics, minerals, and components
of glass and or cement. The displacive transformations exhibit melt I 11---- II1Il
martensitic characteristics of diisting or self-disintegration, Zr I C%
and a critical particle size effect operates. Large positive vol-
ume changes 121-c%) accompany the transformations on Tht-inrasrmioisclide obe atnii i
cooling, in the lanthanide sesquioxides (Ln'0 3t, dicalciuinTm, i rntraini osdrdt emrestci
silicate (Ca 2 SiO 4). and nickel sulfide (MS). High M1, tern the bulk. It is, accompanied by- a volumec increase of Y3 at 9507C
peratures f52O 00Ct in the ln2O, compounds also suggest to 4.41, at roomi temperature. The transformation is notorious for
the possibility of high -temperature transformation toughen- casnuntiiedirnatohterTefcordtrmig
ing. Detrimental negative volume changes are seen in com - the stability of t-ZrO, particles confined in ceramic matrices are
posites Asith enstatite Mg()- SiO,) and the lanthanide borates considered to be the matrix constraint. chemical composition.

(LnB3).Therelaiveeffctsof vlum chngeX-ry uit- and the transformational nucleation barrier which is a function of
cllBd Tha e rlatve. effctsh oue (m tch angeoic X-rape unt rO, particle size. The mechanical properties of ZrO: compos-

change on the mechanical properties of a composite ceramic i~,Nc , oihis n hra hc ei"tne r infi
can thus be investigated. cantly improved. Fracture of the material is retarded "whcn the

stress, fIild of a moving crack tip nucleates the t - in transformna-
tion in Zr02 particles, in a zone around the crack. As, the crack

I. Introduction propacates. thie transformation zone (or waeat its edges. ab-
sorbs its encrev and constrains it (Fie-. I

III conmtrolled appl ication of' the tet ratzonal t)-nonoc liiiic
T oIm trawns i iat i n in zircon ia Zr() to toughen a cerain ic
matrix has, been extensively in' Csticatetl. both scientifically and

rceholoiealv 'Varous types oif' transformation-tougWhenetl
miaterials has been dcx eloped.' zInI large-erained. at1\ta
bil i/ct] /.r().PSZi. tetralonAl solid-solution parlicles arc crystal-
lwraipica~i prcpitated fromt a cubic matrix. A fine-12raliet
material. e~.altimina. can be 'oilinet] by dispersions of ran-
dlonil oriented. interiranular. irreCul arlN shapel &rO: particles
Ifl.-\,. The A.\lJ).- /r() x te is perhaps, the most important
nt min cx aiplcs, Ito date (if I xariets ot not '-zireonw~ ii.itri\
iiiaieriajls totieheiicd bs /.ro:additions. IIn tetragonal zirconma pok\

Lrotlili 1411) inateri Is1. %erN fine-erained Y.( .- /, olid-
slutioti p irtek i.l is~ o their ox. ii mtrix.

p iii S I 1 i eic .IOIW .rurtc Vteimi' xitt,' ii,innl

%.:,I .l~ .( ljl:~~ J"franstormed /one in atiin pectiict ot MU-PIS/ neir at \ilkcr' indeia-
s.hc i i'I I V 5I 'ine t- ( ''I o . i ,mitih, N.-'. ir inter ( iliti iii crack The strcss lield ot the propai m iii2 erdk tip indkced ihe tians-

\~~(I U M (0)N tinriiniiiii to tt nne i 1iocin particles in Ilie: i.k - lit he c i tak.
St ri '''ci, ihercht oislil it

1021
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S '44 NLattice deformational (displacix C) transformations in nonmetals
N A _1including inorganic comipounds, ceramics. minerais. and compo-

nents of gls nd portland cement) have been reviewed by
Kriven.- 2' Although nonmetals have not been extensively stud'-

/ ied fromn the point of' vie\% of mechanisms. many exhibit charac-
teristies and behavior analogous to zirconia (e.g., rapid kinetics

-z and shattering). Such characteristics are also presumably com-
mon to miartensitic transformations having large volume changes.

SS \When the structures arc Complex. or pure lattice strains are large.
(I is's \ TWINS a choice of mechanism may operate for the same parent and

product structures." Examples have been observed where
a mechanism may be diffusive. i.e.. reconstructive 26 or. under
difft!rent nucleatinia conditions (e.g.. rapid quenching, stress

Fig. 2. Sdiciriani:i representation i 0!ihe t - m irailstomiation niechia- induced), displacive or lattice deformational.2 Niartensitic trans-
flismir n sphcrical trfl- particic confinred In l \I formations are a subset of the latter category.-'

A.lthough there is no such choice of mechianism in zirconia. it
can now be viewecd as a model system for transformation tough-

[hec transforniational ~r\ tal locra ph' of confined spherical ening!. Hossever. since it has both a volume change ul a shape
/0particles dispersed in Al,.) has been experimentally, stud- chanc associated with the t-~ im transformation, it is not clear

ed~ - [hle relationship hetxecn elastic strain fields surroundin V which is the more important component for toughening. Further-
the r ind Ppi pairticles has been eIlucidated. As illustrated sehemati- more, the shape change canl be subdivided into the unit-cell
call', In Heit 2. thle t-rro, particle existed in a state of tensile (angular) shape change (.g.[A3. the changec in nionoclinic

strss ue o terml epanionmisatc wih te A .0matix. 13 angle is 9' in ZrO, in going from I to fit S\ mmnetr\ I and the
1bis trose durine, fabrication Mi en thle composite \%a~s cooled m1acroscopic shape change Orn, associated wvith thle itrtensitic

roml tile proeessin- tern pcraturc' of 15S(IO-C it) roomi temperature. mectianism. In the quest for newA alternattxe traiistorniation
I hie trans tori-ed mivu 'ini~~c part ic \,oas 'in e and~ exerted in tougheners to zirconia. therefore, a systematic studtx is necesss,,ar'

.in' 'ropc ompessvestress onl the matrix. It x\ as much larger in order to vary the components of the transformation. The rela-
tha th :cr aon~ fild nd erpndiula toit.\'aiou thi. tive effects on the mechanical properties of such conmposite

retical studies ha',e becen nulde oft the cr\ stallographv oft the trans- ceramic systems can then be evaluated.
t,'rtiaioi irtchaisi inThe aim of' this review% is to surveyN the literature for experi-toratonnic:hn sil IIthle hulk. Their applicability to

cii fin1ed particlec meehlan i sitt hasl been que~stioned. ho'.scx er. mental and cry Istallographic evidence for displaciv e. possibly
s1IfLC\1exprimnttal ,bcr\ations suggest that mnatri\-constraininLo martensitic. phase transformations. This review, toill focus on
torce, ma\ alsii teed to be considered inl theoretical predictions.' those transformat ions hav ing positive volume chances on cooling

Niatenoictrustoma ot mehansmshae ben ceoni:ed analogous to zirconia. Preliminary, experimental observations and
JJQ LMIM~ 1003C~VFM~IJ1' an tlCl-ti~I1 i sril- theoretical considerations \k~ill be presented. Table I summnarizes

andc',tirte boh speinentllxan thorticllyinsinle these compounds and the relevant pIica pUroprties "h-h
c\stal st~idics of i noreLi copud bt Ketned% and co- psapprs~i

- aic i~ -canl affect the mechanical properties of' Composite materials, he%W rkers durinoc the past 25 ecars. Sexeral -such compounds vouecaeincncfoiphs to2icluaeds
undveiit laree: xlum chacs For example. .a olume change toum chai. in2iofo paeIt acltda

(116'' 11ccurred inl NsaCI txpe - s',CIt\ pe transtorial Ions in V:-V ,1 Thle variety of' chemical compositions brings to

the alkali halides ' he /ine blende -NaCI-tx pe and x\ on,'- light a greater varietN of chemiically compatible matrices. The
jtc \;~j-~p,:tra~tomatin, n iam-,nou'sufide(MlS) various combinations, of voIlume and shape changes and cryNstal-
te - N~~l- pe ranforatins ii mneaoussulfde NiS I locraphr\ open up an area in x% hich little research has been done.

undexs ut 0' nd ' oumechanes.resectiel\2 2[he but \khich has gre at potential scientific relevance and technoloci-
ranst'rmaitio,s inl the alkali and ammnonium halides hiixe been cal application.-

ljrian!ttati * \ proxecn to be tiartensitie
l're!;nrarx mx estieatinons haxe been mlade into the applicattoit

ot the xs urt/jit. pc e- ._raphite-t\pe transtormation itl boron nI-
ride O 13V %hi I normiall', Oour Unrder hib~ pressure,. :No I1. Lanthanlide Sesquioxides (ln.O,)

sirc:,- !1Iitced transtormation at ambiient pressures, could be in-
duiJced kL x r presuIttlabl% bcauseN o the cxtreielx\ high nuii (1) LUaithatid( .S(squioxidel;

ceaiin barrier Lss'ciatedC xxith SUL1t a 1,Larc i0ume11 chn.['lie rare-earth oxides, hlae been Nopeesvl tudiedI tor
t o r hich-prcssore coinpressihiI1ix effects. %k e etirtiated nman\ '.cars, and their transformiations wecre rex cxx ed. .. he ma-

the x Ioici charteeo as .'1(; (33' in the strloctRrally anl1os trials arc antone1 thle most thermially stable knoxx il. meitine, tronl
!oidlsdaieitc , Lraphite trinstortation Ill~ahi The volu11e 2200) to 2501 C. The mctal substructure is rigid upl to thle Melt-
,a1ne I or BN it-raphite-t\p p -'xxuri/itctype transtormation) ilt! point, and temiperatures of the order of 12;00 ito 140)) C are

under shock conipression %%Las meIasured as N'(' 1,\lthoug 0i required before appreciable metial atont Itlox emen:It occurs. l
hlti;, '(itt) is sos1tretUra! xx iti ,'itc'nia. no trntrLil ontrast, there is buI~hlt ioblitx Itl thle oxx-'i cen subattiec. Ceom-
11I 'tiiJnmi iUnic IjJ) 11 hbeenI reported i date. mene1cine ;ibOx 160) C. [Ihe 1ssquioxides aire tltertuod',naiti-

Taible 1. Stimmnar. of Possihle Alternatix c Transformiat ion lougheners to /.rO.

/rO I letravoital niiioclinic 9')i 4')'

2t t stI ln ii ortlti'ihortihic 4(M .24 0'
\ IS R tit iils'liet Ira I - hx,iconiral ;79) 4

l.il) ) (I'le ,friahmhI -. )tx F'i ISS(MOLIM0
1hrilo tc 'i, l rhiurrbhenra I oi
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ment 4 toC~a accommodate the A. BolumeCncreaseand there
lantoaide fra ueitation."B omn oi ouin.eg.G~

"o - OwA S-A C4 0- I V.1 , 0 1 T. Icontinuous hie temperature. cg. Ch na stblmiati therewssf
Fig. ~ ~ S %9 I" 'I1 nh'pi I5 4'n G5 66 fld t 69ti 70. 'rlitI i t ip 1Cir tte formen k i as 1L aciee hv theradit poin forCa io Srardrane-

h.CiI~ess~al'xttsmnt cob ncomoatio wth rai q uhincrease Sud btertiorof
aoion fortvaentn rare-ertinslcaseoluin vacancies
andO! th detutv B C tran's fxxraion . beo mase touppressed. Ta
aiontnofs xittmrt ur ag. hical stabilizericesdwt nraieatiomi num-h

call%\ \ er t~ihlc. sot that x apor-transptirt reactions arc negligible. her. The solid solutions, woere not stable, howver, and reverted
Soi'ne tiides c. Stil. Gd. FAu bla\e 1200d nucLCIar irradiation ito Ln,() and CaO onl prolonved annealing at 12owc.'- ''C he
St.Cbi It% and airc poternials uslt*1 ill nutclear reactors. CaO-Dy.O; phase diagram is known and Likes a solid-solution

\lIost o f tile x rlk onit phase eq~u iihri a and e rvst a I trxict ireI s\%as Iinmit of CaC) in B -phase dv sprosia of" 12 mo I' " Attemnpts to Pro-
don I\ h Poc S and CC C irk Cr' C il samlplces c rvstall i zd from d tce a part iall vstabiliZed IV spros ia I PS Dl analog ue to PSZ have
the ittclt in a otla~r tiHtrMCC. '111 slightlfl Itussr ternperature equi - been undeLIr wkay itl our- laborator\ Using, 8 mo!% CaO- D\ .0
iibi A - IB - C %oere also) stUdied Itt silterCLd pclletS' and Compositions. alnd the work %k ill be Published separatelvi'
in lti.tetil -icae h\ceia nr.a rcpit atin methI- (icm ti xi rk inr our- laborator\ b\ .1 cro and K ri\yen4- has shown

I', ineL hs dro'sdes . that thle B3 C tratnsformat ions inl the se sql iftidices be lox Gd.0Z
Ilie ;)ItI ititrphtc transtniliatiotis in lanthanide sesquioxides proceedI xxith extrettel\ slosx. reconstructis e kinetics and, there-

,Cre tima itt in 1-,- 3 'i Ashew .pcegop fo re, do not appear toC be \. iable c ho ices for- transformat iott tollg i -

S( I V" .tl,:LOttaith I folilrtrl unit Per uni1t cell( 1 I. ertinie Hoxxever. the hecavier mnetubrs. inl particular terbia and
Il, he ltH Iltlil .'c iiCes titd Clllrdlinatill l xit lur Clllsc and (dsprosia. are vialile. althot.gh1 thle use Of terblia is limlited ito inert

three c ['Js '~t~ 'basc B is tmonoclinic. SG '2i./attmotsphteres atl elcvated tetmperatures because of its, tenderics to
(I. aIrid im, a C-I n .eIftld ettittlitiatititi tif tL' C,itl0ll.' Phase C' is disprolportilonaite itl () P ) prl .\\xithlLl a , l. eperature

uhi,. ind is tiintc dcrised. SGi 1t0. / - 10. and (C\ 6i.' of 19501 C. tit coolitng. appears to he the most xxtirth\ of investi-

I he hib-ic llpcra.ture H attd X phases .ire hexagonial and Cubic, Lation atl presenit. Ha\ ilan-'xLi attl Z11e1 numbher (66). it is more
respieet %k Ihiertial epteCotlfieiett artd ttti nt~ hUtndatnt that thle iodd -attitn IC-tIurttbhrcd memibers .1 the siesIC.
1i, the - -t C' trmistttlationt ttsides prepared friom differ Nto critical particle si/c anals ses have been utidertakenl as
,:ft :-t qortiki rle' iptnd hasc bn de\iune.'st. H1155cer. mectastable retetiitn tif thle high-tettiperatume

2)Ilea~mal oticliti -- Cubc Iim rmaiol liilltclillic phase Is Ctonsidlered to depenid also 11l tile \0t4uti1e
I Itxa,'oial AI~inili~~ (tlm Jr~l/rai chan'C anid relat i c elastic mttduli betsx ccn the miathi\ and the

tht /t i. Oi B 'Iiii itCe~s irnsotlmiow As shtnomaloui Iin. 4. laxe ictormn phase. Li nlike .r()., ss stctis. raipid-Ctitline kinetics,
tildt fICTC 11 1 \111tlliC 1lIFe~lC ()It 001111V \1 shbee it Feei4. m\ tiCed to pla\ otileitoiiel\ il tileicittto retnetetititiI tiff the

tlK IB ( . iuelic me has been Cstitiated as 8(, to it' . bueb,1-1clpiil hs.
11,etei h,tt1 \ N I , i . uui ls. he B phisec kxika ill I I hae'

j're ire 1CiIlt1% Animd 111% he st uhi ill x %i tlr respeCt ttll tilie t.3) MlicrovirtCIortmr and Defects .1 ksociattco with ihc
~t11ill tI11111ITIt'n It pleSiix Pelet's 0I Fi.4) iinldcrsetilt A i (rftran

th B ti~l'irittl diUruteim ilme indw )tb rasix c pilmx' Ittiilestisi (.1 o 1 and ('anti Cstensix clx stutdied thle mii

I lie Bt C I trilislti rt llt In D\ h () .ss iniduced hx erndinv if cWrAitutirc and dcfects produced Itt tile A BI - C 1tnstir

'1i Kiteislcd ti,1kc. V\ltllllctlec kkas somlie tlsxussitll of .t ltitts [hex cerexx thlrt tItuis of thle lanthaide sesqtlltl\ldes itl
re~ tisttiktis e uue 1 tismt(ort B C trlitrltirlltttttl . ' Ioc sl\ ii trut rire-eatrth mietail hlttls in tltc IP [he ix Mides sxCre LCcii

ild I r.txcr'c reported tittI the speCCi it IB - C rtinsttirlithtt it ili crlls re Illtl anthitllr sT (t!u!ute'2tlttts. xx ith a dilicierl fsex ct,il
%iel"c. rap1itli 1s oite dAnl~ ced 1ILu file series hoitt SillI MiolhCI ite sAnd ai thttckncss of SI) rill I raixtoiirt.ttiiins bie-

III III () . idtht lItittortitttitt tetilperltel utCesetlI The txxce'1 pun itipi xx1'11I tsa a,clmteset h.\ sttltitts Ittducedl hx clectt c
tree 5' %'Ititite tti~Cte itt1 01tiiiiiie Itecralix 1.) shllclte imeatimiel bs the elccttiitt beaml
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Fig. 6. Structural relationship bermeen the ionoclinic (Z =6 (hatched)
and cubic (Z = 16) X-ray unit cells of the lanthanide sesquioxides,'

Fig. 5.Structural ri itionship hctssen threc stacked. primitie subeells and the monoclinic (Z = 6) cell."' The monoclinic structure is
ot hesaco,,ntl A phais. and the imnochline 7 = 61 -ras% cell of the related to the hexagonal by a 3.2' shear of the basal hecxagonalu
13-phasc lanthanide scsqLIIOsIdCs.

lay e rs (000l1),~ and ( 201 )B. Because of the pseudohexagonal
symmetry of the B phase, there wkere 12 rotational variants of the
twinning sy'stems which could occur. A 13th variant could occur
by double 'twAinnine.

Comnplex iss nine kas observed irt the monoclinic B phase. ats Studies of the C phase found it to be more prone to slip than
ctnprehcnsiscl% revcoe%%d by Boulesteix" and Caro. "' Four twinning, although one twin system was identified.'- The B -~ C
different to innin" %stems sserc observed, viz.. {3 I3 and 0l32) transformation was observed in the electron microscope with to
sk oin toaconitudes of shear, 0"I. 186). and the ir combination, different orientation relations being reported," "' The structural

The twkIns ocre mechanical in nature, produced by ,tresses asso- relationship between B and C is complicated b\ having to com-
ciatcd k ith the heatinez and coolinu, of the electron beam. Trans- pare X-ray unit cells of differing numbers of formula units.
formation tk ins s'.crc also formed in the A - B transformation. However. Fig!. 6 illustrates a possible lattice correspondence postu-
The moin ssstems %oece ither type I ireflection) or type 2 (rota- lated by Sudire and Kriven. in wkhich the cubic Z = 16 cell is
tion to ins) Ses eral preferredI cr~ stal orientations and unusual related to the mlonoclinic Z 6 cell
fo~rmiations o crc obscrs cd and found to correlate o elI wkith the In summary, the experimental observations iiniplvin,- the possi-
ox~ ecn coordination schcmce proposed b% Caro.' For example. bility of transformation touehenine b% the hieher atomic number
the A- and B-t\ pe grains usually forined in an epitaxial type of members of the lanthanide sesquioxides is presented in Table II.
relationship such that thle surface of the cr5 stal (i.e.. the laree The high Af, temperituire,, (to 2HC) in the hie-her atomic nuin-
dimension) o as parallel ito the plane of the 0[-n_ lasers. i.e.. ber Ln.0. compounds indicate the possibilit\ of' high-temperature
(000 1 r iil, transformation touchenine.

A.-\marrenlsir ic character" has also been su,_,Lstcd for tile
B A transtormiation. Llctron mnicroscop% studies of, thle Ill. IDicalcium Silicate (Ca.SiO,)

A~ B trans fi winatioin mechbaisim has e indicated thle orientat i ot
relIatio n" Dicalcium silicate i belite I is onl, of the four major compo-

nents of cement, thle other constituents being tricalcium silicate
MO 201) Fohere I12. [-0) m1), O Ca()- S iD.. tricalciumtIl aluminate (3Ca() A]) 0 . and tetracal-

ciunti alumlinoferrite ) 4Ca) Al A)i Fe O; I type phases.- - In
I h, -io t.,' ostuflation of lattice correspondence betsseen addition, minor amiounts of' calcium sulfate dihydirate (gsui

the hexaieoual and moinoclinic cells,." ir 5 depicts this rela- Ca .St) 211'.0() are important in controlling thle hy~dration of
tion'hip in termls of three stacked. priniliose hexagontal subeells these component1s. t[he Cr\StalIlogt'aph\ arid pOkli orphisml of

Table If. Comparison of the B - C Transformation in the L~anthanide
Sesquioxides (Ln,()1 Aith the Tetragonal - Monoclinic Transformation in ZrO2

Structure change 'lctrae,unaI -,ionoclit MXlnlinic Cubic
Coordinatain number X 7 7 -
Volumei chanLc i c40 rs sal shatters 8 to - 10. crystal shatters
I nit-cell shape change. A/ (Ic, de101 i
transhorntatiiin teniperature. W4 ( Ci 9.50 600U. 2200)

Chemnical stabhililers ( a( . MLO. YJ() (at). Sr(
Pressujre stabi/ ati in -/r( .1 in Al 0 B phase stibi I iCi h\ lI)CsMC\
Iratisformiabl h% grindlfin Ye,. in reserse dirction Yes. Ill reserse directonl
Poisttraitlirttitjiil rearraneentent Bituuigil- 'i s. %kith incrcatsing tetlupercature
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Fig. 8. SIM icograph of C S grains Aliich underwent /3 -y trans-
torniation and "dustd" becaus of the accompanycing large 12 % mnolar
v olume incres.

Cled to tile tormlatton ot' y-C S whelreas fast coolinLc tended to re-

Fig. 7. I Ix ii rvh i t r,ii nm]ii in Ca ( i S( tai n /3-C ,S in the final in icrostruct ure."
Thus, it \\ as concluded that at particle size effect operated in

controlling the -y transformiation in C."
In contrast s i th i rcon ia. which is txmin ned otter transtoilat ion

pure di~li i iica te:m iibbi .xI itd CS) h ix ,e been extcrnsivelx to nionoclinic. thle parent, tnonoclinic f3-CS. is twinned belore
u LI] e J - .0 rex IC% Cx~d aind a re t Nmma rued itt E i,. 7. transformnat ion to orthorhomrbie -y-CS . This lea-, to an amihwi

t~eixi i .conduc:ted sittle-cr% slt N-rax experiments, it\ lin the definition of' the critical particle si.' 4. Specificaflly. a
and de te oned thle Ltti cc Co rre spondnce Cs as, drawnIl I The x. idek I citical particle volumec for transformation could be defined bl,
kniixx : ttect *' ,ii~ing" or sell-disiitcyerationi ofI portland cc- the overall /3-C.S particle site, the twin thickness. or a cotnbita-
Mctit 1, JeI I,' thle lrcpositixc e .olunme increcase of' 12" xx hich tion of' both thle tm in thickness and tx in length.
.lMiipItIiiex tile 13 ' transformtion in dicalctum silicate. [hei third conditiort occurs wh[enl CS pellets arc verr rapidly
P C Lire s hilm'x the (i S era] ti Iil lie SEM %Ixxhi cl trans formiedL quenched from above thle i i oi trait ormat ion ternperature at

1425 C. \\ork lin progress b\ (Chan ct oi.'"' indicates, that
[PIC dlIed: ot Jlemicajl dopilts Itl stabili/itie- thle ' ariotis Pik- tist, causes the /3 t\ixx it t undercLo recular otierocrackine, dialao-

Titorpis (it C Ni dokxx till root] tempeirature has beetn eesvex iallx across thle txxils. It is h\1pothesied'' that the o o
StL,lelt d rex eyd..... he exact role Otf thle dopatnts. transt .oriatioti Initiates, a1 large shrinikage Itun-cll voi-CI 01Ulute.
hixsexcrc. i, mun:car. iinc iii litttle easesc. K 0i. cotleentra- xxhieh is inltIsified bx thle Lltenchingo of' hiigh-teinperature. ther-

.1],it the Jl p.m] xx crc loiitti i anincrorattular. atnorphlili tmall.\ expatided lattice paramteters. It is estimated that - 6.56,' vol-

phase, tithler thiii In sohd~ oilto %kithx l thle ('S. Fitrtherttore. re- Litle nhti.cieeds ito be aeeonitttodatedI. T'his causesC1 stresses
-:111 expeittiIts1I 110%\ 11i10 thle 'tailiting11 effect in K ( )-L!' iped to be atccumuIIlated xx thinl !he US Mri IMx Ic arc reieved by
C S cpetilds ,it theC ~iitate or (the anieahne1 treatmtenit AiMe pCriHOL iticriicraekting of t\\ in ned /3-C': 1iparticles, or herringbone
I] ttrit]C Ill \1 ( ) ilIpeLl U S sxstetItill ortile oilier 11tand. 1aloitui- txxitti rinierostrUeturesC'

iILLI] -111i h I 1111til bothi it thle els phase anid Ill solid soluiolt ii x r llialititittis e x,ilties for the criticeal particle st/c
%ith U S til ir tatistirittoll %\Ci cr c nisitetut lanratte it-toti) to

hI tic k
1%,d taiotlrs itet the j3 y trinlorttiot hike 7 pIt' d 1 dox it t 0. 2 tot 0t. 1le larec \ alues ir

Ibeen tticdes 11 -\ x l itlactin l. optic:a ttoeroscopx - SiI. and oltmciei h\ optical iicroscopx andt~ SlM .intd iterredI 11) oxera
ele,_trit p~robe tomroant,i si \ tex c\% ill thel :cmivnI cltettuistrx C S particle tI/C. xx I-a (Irltste sxtbittt1crolittIer 5 alites iibtalii
iterittt '' ox th'it theC ritil)il it to Y Ill repcateilx !toi)ra andx SFI-tteit-d ito thle \tidlIh illiix idI\ aI traits

eri,[Lf .itiil s1iiitrei Ipellets Ii S dlepCIt~lexl ut] te 10l10x% - ioIttICi -y laths, xx tltiti ('S particles. ,is cet]. ii]atileC In
HIi Cljmltr 1 -ic2 S. I[LAI 1 itcrostrutR~iC1al studies ill thle 0' in d fh l

F I 'lirtiN IC i/c. \ larxc S partic si/c tenided tit proi iratusf oimations hound that /-( S \\,is titici hx thle Lrossl iltlo
p i'llrCit ,iiitieCAiln ciltilitittsI of ICIIttittte tieCilles Or litissuhos lotte Iixcs kiL'iL fii~illxl toiO I011 (i

tlliii. itt! I ooh c ilele Sitall Iniitiail vC S 'i/c. htixexer. jlotil
stihli/ce the P3 A.*.... Ohl~e ier itins xCi...-_L,,2 sill kCCCIItl(pit;., C S~ 111 L~iil iiiixil %\tili t

ttii. pliicr itiitc ilttc,i itntltig titptiiic xl .1011 tii /iriicimre sit it to /l.\ 1-rir "111,,4 ii .iI I-i, ititIt ap

the, : t,',itistoiirtuitiiii tttiperaiiir it 1425 ( Iiioditcit ohl l ))iile /I C S prick1-11I 0ilithCItti Ill 'i ctlkliiitt iir..iinate 1t1,t1m
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Protoenstatite

(orthorhombic)

8651C
fast quenching

AV= -5.5%
1042C

slow colingclinoenstatite

(monoclinic)

shearing under
C2S high pressures and

temperatures ( 8000 C)

Orthoenstatite
(orthorhombic)

Fig. 10. Pols morphs of enstatite )MgSi~o. Ctincnstatite is a
mietastabte phase obtained by quenching of protoenstatite.

Fig. 9. TE\I micrograph of a /3-C S grain twinned
on ( 100j, and inetastabls contined in a calciumi zir- ing processing so as to produce nonstoichiornetric Ni -S., NiS.

conate~~~o 1 7 itixelemental Ni.

V. Magnesium Nietasilicate (MgSiO3)
IN'. Nickel Sulfide INNS Enstatite (MgO -SiC), is the major component of steatite ce-

Nickel sulfide onillerite) exssAs the fOllox~ inc polxmnorphls at ramies which are used as electrical insulators. The\ haxe lo~x
I atmn: power losses in the high-frequency range and good dielectric

prooerties to elevated tempeiratures. The polymnorphismn of' en-
/3 statite has been extensively reviewed> ; andJ is summarized in

Fic. lit. At ambient pressures. enstatite exists as protoenistatite
During processing of* soda-lime plate glass, spherical or ellipsoidal (proto) above 1042TC and orthoenstatite (ortho) on slowh cooliniz
NiS inclusions \,ecre metastablx retained in the hich-tempcrature to room temperature. Fast quenching of proto. how\ever, produces,
ar torm doss n to roomi temperature It w\as recoe-ni/ed'" : that metastable cli noenstatite (cli no) at 865T~C. The mionocIi nic

.~''tn~strinsformation of particles of (t-NiS to 13 caused de- /3 angle is 108.3~. TEhe proto -clino transformation is accomn-
struction of' the glass, %%hen the particles \ketc located -the panied by a -5.51,; volume decrease. xxhereas the ortho -clino
ntcrnal stress field. Plate glass can be thermnally toughened bx transformation volume change is neeciice. I'ic iioiio:I:ms
quenching. sshich produces a comnpressive stri-s state in the sur- /3 angle is 108.3'. whichgives aunit-cell shape change A13 =18.3.
face reg-iomn. The (r - /3 transfortnton is acciompanied b% a xii)- This is approximately double that of ZrO, (A/3 9.
uine incre~tsc of' -193'' 4 NiS is an IR radiation transmitter at The transformation mt echanismns bet\.%een the three phases, haxe

S 4g .been investigated.1 Th s loss proto -~ ortho tasomto

A- critic:ul pairticle si/c effect x'.as, theirticall% predicted and mechanism is considered to be reconistructive. "' Similarlx . clino
Ialculatcd friom fracture mechanics considerations, of annealed reverts to mrtho on anneal inc at high temperatures, and x a the
class. Critical sizes for nucleation of the transformnation and proto phase., Prolonged anneal ini! on)]\. bet xscen 65))0 and
niicrocracks around the particles %%ere estimated at 32 to 22 Ami. 95)) C. also produces ortho vlia a slos~ . apparently reconstruc-
Hox. cx r. in tetmpered class, t he critical si/c depenlded onl the tis c mechIan ismr.'
particle locatitimi beca~use of) different stress lcx ls, in surface ver- In contrast, the proto -- clino transformation onl queniching is

sus bulk reg-ions very rapid and di spl aC i C. The nchan ismii has martenisit ic charac -
It %%as concluded( thai the ik -- 13 transfornmation in NiS could teristics. being ditffusiortless. athertoal. stress inducible, and ha\y-

be aixidcd b, either ot t\%o mthods, i an orientation relation bet\xsecn parent and product phases. '

ii) The pairtikcs could he chCitticallx% loped %k ith NiSe or ('linoen1statite has, an1 equilibriumn stabilit\ hield only aboxe
NiA-\, 566 C -- 4.5 C kbatd' I.iere 1) is applied hx drostatic pressure

i11) [he internal o\x seen partial pressure ciold be altered dILIi- II get) ig ic a) nag nides. I'tider h'. drnstIC icstresses - the ort ho

Tahle HLI Compatrison oif the (J - y TrincPor'maiin in ('%' % "ith the letrallonal -4 NMofsw'..., Transformation in ZrO.

Structure chance letraciinal niono I icn~c NionoclIinic - rthirhmnibic
'Transformnation temiperature. .1 i (19 i)) 4
\'olutnc chance (' ) . 4 9 . I 196
Cooirination nutmber chanc Cad) 7

Unit-Le)) shape changec. All degcL 1 4 6
Chemical stabili/ers' %Igo, C.a( ). Yt( 11 of .\Al l-ita( ). K,( ). ('-) etc
Tfransfi riiatuin induced k grinding Ye s Yles
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800 14c)

1,L\c, anli rleion Tines -\t cle,,atei temlperatures hehno,, 70,- -

1010T C) and uinder hih press',c. particLIul nonh,,drostatic -- *I
tre- Iirc,*tt:d along, the cr,, tallol-raphic I (1)() .. direction. 600 p

the, kitletl' . 0 the Orirt1  cho transfrmation can be acceler- L L-VATER1 TE
alcs. I \plical conditionis requLired. i 5r - 10' to6 .1(0% Pa 500
(' o6 khkiroim Six) C, 5 o lIPa 00)ikhar) at 920 C, or high I

-. uail rate' d1Ivceted 2mmI(1X) [(XI 1- aho'1e 45)) to 651) C. Coider 0
116 1'2 108 104 !00 096 092 088 084 080 076

hc'c 01tlonTT-. the lrhm -* hno tiantmin appears to be
di-.plas ii e l I e attic cmorrponidcntc obserl ed is illu'trated iii
[i I--11 %here the dLnl cll haipc chanc of I18.3 is, ettectii clv IONIC RADIUS, xl 0 nm
reLlee:d 11, 1 "~ I LIseIth 01 J~tee, Corrtespontdence adopted. "I'lhe i.1.Sa)j rjsnIiieM0-~t o~ij
'LI ,lc~t III 'ti aitenlie ike m ijn is 'IIor ort ho -Clif(.: r , :> Jg 2 th~t eain h 3)- eh ae..'41l~ la

I~i C r.41 rclut d i t~ N ibe x atn o patia) vIra fomed temilperature andi ionec radius of the litre-e cation

ine tII - I lie :ticvstcnec itt mrtho and einti lantel-

iet. emitrollable kne'Iand lack tit anm martenisitie feature,,
(10,:h 11 .111 ntertaeec (it habit plane) indicate if noilnartensitie
niee:hani'rt l1ine. the I-otenitial application oft the ortho -elino CaC0;ivpe structure ot aragotnite. ealeite. or Iaterite Ithe equl-
transfoirmlation as a towmii m!~l tttehantsis Pdoub.1ttull In the lihriulIn and tmetastable phase fields, are shimn tiniiFi 12 "' In

sIt t.i -,IamII, coniposite-.. the aravonite- and calcite-tx pe phases,. the ()_ iior 130 I Ieroups
I hec prito -ec I not transftirmation it Iiich is, apparenitlI' mar- are trigonal planar i arraniLemient . Hostem. er. in tile \aterite -hlke

tetitie. ltimi eir. hai' a tree, tic_atise olumec change on cool- borates. unlike thle Carbonates, the MY gr ops, h~ae anl Utnusuial
ine (ic ii iight -.i\ that "transformation ,k eakentnu, is as first T shape. %%fiil one B3-0 hond longer than tile tlithr t%%. ; thC
reel iniied in somrre ('aC0 -ciintai nine, steatite ceratie is hlich \aterite-vwc phase,, are hexagonal and hiave higher densities than
deeiraded and fractured alter a period of storacie at roomn ten- the ealeite-ispe phases loi a LI\etI laiithalnid2, comnpound As seen
pe ratur LI re he probe h cit sas alt ributedI to CaC)i In ale i ned post - tIn Fig'. 12.,1 1I ultTIm borate i Lu ot3 .i has the smallest lute, ra-
der'I Iishieh caiised enlhinedC grait grassth iturine sinterin.- Jts dius and is the onlI, borate to unde. Lt the \ atenite-Ir pe e alcitc
eli))pared is ith Ha( ) undiier the same coindit ions. Carefu Ie\ ili- tv pe transformation at 131(0 C. It i ' aeetIimpan iIed b\ Ihe ant tlla -
inent' shitiM.cI that a Critical particle site effect operated. ](bus volumec increaise at X I1 ; tin eoioling and is rei ersibe the
iPrOili part les1 latreer thain "pill transftiormed spon tatneil\ to kinetics and nature ilf tile t rat)sftormlat ion mech antis'll. ItaIs c\Cen

JL1ll. ihreas those smal11ler than 7 gin nietastabli, rcmiinett ill are not knov n.
the pri t, IPhase. [lie large negatiie sailutue change aceompiinx- The ,ateritc .t~pe phlase,, thil esl~ exist iii I,_, and tiot1
frg 11ie primi - chill transtforimatioin %%as respomnsible for the temiperature mlod~iicatiiois. ii here the high f eilipetatic Phase
delecterii)l-. elleets mn tile steaite( htttt is mist analogous to the CaC() -%sateritc structure ii

Chiemical stahiitimn of tile enistatite poimorphs can he transfoirmation exhibits, hi steresis is inch Canl be inwcased to

aeliesed hi I ti 2 rnmd'; !idditiomnN of NMn( to pratoT or b% dop- 550T( by solid-soltition fiornmatiton ii itli iI-lO )T In etilli. tile,

:iT FIr i 01 1t0 aluin. McI. antd liJI act as riincralli, in Protil high -- 'loss transformatiton Causes CteiZilC4 'If tistinlt tint0

o~naliil an (1C atfI the itt to ni~ai,roiaton." litose pitisiter at rooim tenipecratire. ilIs i du t, theC tlac \ii

I inall. . thec translirthtihnitin enstatiiie are arch tk Pes fur itiher utrle decrease of -8 2'( . A lance I stleresis iol 5Im) (. aeli

sllitates. iin particular. ferr.ilite aind1 sstllastiirite Ferrosilite panics, the high -- loss satenite-ix PC ItiIsIi NL.~ii Iii' )
I Ico) Siol I is isistruLCtural is ih crnstatite. i iercis. the miono- is ich has, teillperat ures itt 550I iC til 0itiL aiid 111W I'!
:ilni. tn11icic mc rnsfmtiatlitit In %k flastotnife and paraitllas- iteatirtice Altittinel diesetautniue siieC'Lt 11"I 't aTo

toiite i(a
0 ) - Si() I are eiiilsi..tri lto be shear related. b\ anltliL sitic mechanism ila be mipcialni in the hich -im II s \ilttle

%k ih enilsti it. c txpe tranlsforimationi. the sitluiii dcrease oni tling- indtiate

(flait It k~id itli mt he usetiil as .1 tn.iiism rtmint miiiiilieitei

1I. Lanthanide Borates t I.nBOl) In 1e 30 stotrs lit luttistiii,itm .1 Tin A4iii Mil, 11 als 1,1(k \ I t

'the ptil,.morphiisitif Itt i RIM) t1pe lanthanide hirates ha~s ti l is Stllil( I .t\ PC pit)> ililiphs Ilei If-101 1,iIVO I iiIdIi i~illi

been stutte.. hi. levin et iid I 0Lsseitialli - tis txpe las tile 5, uitqueiiehahlan tilttie tiiistiltiimititti ilsol cilits li lelist
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The Particle-Size Effect of Dicalcium
Silicate in a Calcium Zirconate Matrix
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Dicalcium silicate (Ca2 SiO4), abbreviated C2S, undergoes a monoclinic ({3)-to-
orthorhombic (-Y) transformation at =490°C. which is accompanied by a 12% volume
increase and a 4.6' unit cell shape change. These analogies to ZrO2 make C2S a
potential transformation toughener. Previous work in pure or doped C2S systems
indicates that a particle-size effect controls the 3-to--y transformation. In this study,
the critical size effect of C2S in a confining calcium zirconate (CZ) matrix was
investigated as a function of high-temperature annealing and time. Dense pellets of
CZ-30 vol% C2S were hot-pressed or sintered and yielded microstructures of
intergranular, irregularly shaped C2S particles. SEM and TEM grain size analyses
and 3 twin width analyses by TEM revealed a correlation between twin width and
grain size. Results suggested that the critical particle size may be determined by (1)
overall C2S grain size, (2) 3 twin thickness, or (3) both twin thickness and twin "
length. A characteristic "herringbone" type or parallel banded twin structure
resulting from fast quenching through the x - ot'm transformation is believed to
modify the 03 twin length and width. Further investigation of cooling kinetics and
processing conditions on the critical size effect is suggested.

Dicalcium silicate. 2 CaO • SiO2 labbreviated CS) has five polymorphs at
atmosphenc pressure:

21500C 1425'C 11 77C 675'C 4900C
Melt - (. (3 --* -y

hex ortho ortho mono ortho
T 8 c50' IC

Like unstabilized ZrOz, CS undergoes a deleterious volume increase during the
monoclinic f3)-to-orthorhombic (-y) transformation. causing "dusting" or frag-
mentation of the solid body. This suggests that CS may be a possible transfor-
mation toughener alternative to ZrO. I Table I lists comparable properties of ZrO,
and CS. On cooling, the P3-to--y transformation in CS has essentially double the
volume increase ( 12%) and half the unit cell shape change (AP = 4.60) of ZrO,

As in ZrO,, a particle-size effect is believed to control the 3 - -y
transformation.' " The impetus for this finding came from the fact that the 3
phase was more reactive to water than the -y phase, Hence, in cement chemistry.
stabilization ot( phase was desirable. In general. experimental studies were of the

Advances in Ceramics. Vol. 24: Science and Technology of Zirconia III
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Table I. Comparison of the Ca 2 SiO 4 13-to--y Transformation with the
Tetragonal-to-Monoclinic Transformation of ZrO2

Compound ZrO2  Ca2 SiO 4

Structure change t - m m - 0
Transformation temperature 950'C 490°C*
Volume change + 4.9% + 11.96%t

Coordination number change 8 -- 7 (Ca I) 7 )

(Ca II) 8J - (Ca)6t
Unit cell shape change (A3) 90 4.60
Chemical stabilizers MgO Cr20 3, K20§

CaO B20 3 , A120 3
Y20 3  Na 2O, BaO, etc.

Transformation induced by grinding Yes Yes
* H. Midgley (1974) (Ref. 2).
t Data for pure C2S (Refs. 2 and 3).
t K. H. Jost (Ref. 4).
§ Role of dopant unknown, possible glass formation occurred; K2 0 found concentrated

in intergranular glass phase by TEM-EDS (Ref. 5).

following type. Mixtures of pure calcium carbonate or calcia, and silica in the ratio
2:1 were made, with and without excess CaO or SiO, or additives. After
calcination, powders or dense pellets were sintered at 14500 to 1550°C for one to
three times, and cooled or quenched to room temperature. The resulting phase was
usually "y-C2S. Specimens were examined or recompacted and annealed at various
temperatures, times, and quench rates. The P3-to--y ratios and C2S particle size
were determined by X rays, optical microscopy, and scanning electron microscopy
(SEM) with electron probe microanalysis (EPMA).

Hence. a review of experimental observations and conclusions reported in the
cement literature3. 6 -

11 indicates that the ratio of 3-to--y content depends on the
following parameters:

1. Particle Size: For fixed annealing conditions of temperature, time. and
a slow cooling rate, a large initial -y-C2S particle size favored the formation of -y
phase. However, a small initial -y-C2 S size stabilized the 3 phase. These
observations were made both in final powders 3' 6 .

9 or dense pellets. 3
.
6-7 "0 - 12

2. Temperature: Below 1425°C (the (I - OE'H transformation temperature),
increasing annealing temperatures produced more final -y phase. 7-

1
4 Above

1425°C, accelerated grain growth occurred. 7 °10 '
3. Time: Longer annealing times produced more Y-CzS, but this effect was

secondary to temperature. 7'10 -'4

4. Kinetics: The kinetics of cooling through the a - a' transformation
were very important. Slow cooling through 1425°C led to the formation of -y-C2 S,
while fast cooling tended to retain 3-C2S in the final microstructure. 7"° - 4

An inconsistency was noticed in the previous literature in the values and
definition of critical particle size. Particle sizes ranging from 5 ,Lm3 6 or 7 pm'2" 3  i
down to 0.2 to 0.3 p.m' 0 " have been reported. The large values obtained by
optical microscopy and SEM referred to overall C2 S particle size, whereas the
submicrometer values obtained from X rays and SEM referred to the width of
transformed -y needles within a C2S particle. Microstructural studies of the a'L -
P and P -* y transformation by TEM' -5 - 7 found that "y-CS was formed by growth
of needles or laths whose long axes were parallel to [0011. or [010113."

The studies referred to above dealt mainly with pure or doped CS systems.
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Recently, C2S particles have also been dispersed in a calcium zirconate (CZ)
matrix in an attempt to demonstrate transformation toughening by CS.iK The aim
of our research was to investigate and define more precisely the critical size effect
of C:S particles confined in a calcium zirconate matrix. The microstructures of
specimens with various thermal histories are characterized by XRD. SEM, TEM.
and TEM/EDS techniques.

Experimental Procedure

Specimen Preparation
Composites of 30 vol% CS in a calcium zirconate (CZ) matrix were prepared

from A.R. grade CaCO3.* ZrO_, and silicic acid (SiO,xH,O)' and either
hot-pressed or sintered. For hot-pressing, the raw materials were attritor-milled in
isopropyl alcohol, calcined at I 100°C, and hot-pressed at 1450'C under 34.5 MPa
(5000 psi) pressure for 10 minutes. The density of the resulting specimen was
measured as 95.4% of theoretical density by the immersion method. The
composites were polished and X-rayed and then annealed at 1400'C for 10. 17,
40, 80. and 160 hours. Some specimens were also heated at 1450'C (above the
(X H - cx transformation) for five hours, and then either slowly cooled to room
temperature in the furnace, or fast quenched into liquid nitrogen. The purpose was
to observe the effect of cooling kinetics through ot - Oc'H on the 13 - y
transformation.

For sintered specimens, silicic acid was first calcined at 1000°C before
* mixing with CaO and ZrO, in an attritor mill. The raw mix was dried, cold

isostatically pressed. and sintered at 1650'C for one hour. The resulting specimen
was 88.0% of theoretical density. The sintered pellets were then annealed at
1500'C for 5. 10. 20, and 40 hours, followed by slow cooling at 5°C/min to
1000°C. and then furnace cooled to room temperature.

X-Ray Diffractometry
A standard polishing procedure starting from 600 grit to a I p.m diamond

paste finish was routinely applied prior to X-ray diffraction (XRD) examination,
in order to eliminate any possible surface transformation or relaxation effects.
Each specimen was examined by XRD ' to determine its polymorphism before and
after annealing. The relative ratios of 13A3 - -y) were also determined by
integrating the peak areas of ( 130) of -y-CS and (103) of 13-C 2S.

Microstructure Characterization
The general microstructure was studied by scanning electron microscopy -.

(SEM). To reveal grain size, shape, and distribution, polished samples were
thermally etched at 1350°C for various times. Average grain sizes of both C2 S
particles and the CZ matrix were analyzed according to the Jeffries-Saltykov
method. 9 Typically. at least 300 particles were measured per sample.

Transmission electron microscopy (TEM)** was used to monitor twin widths

*Baker Chemical Co.. Phillipsburg. NJ.
"Z.3 from Fisher Scientific. Fair Lawn. NJ.
:OO-mesh powder trom Mallinckrodt. Par,,. KY.
'Philips XRG-31W() diffractometer equipped with a computerized PWI7IO controlling unit. Philips

Electronic Instruments. Inc.. Mount Vernon. NY.
'DS- 130 SEM. International Scientific Instruments. Milpitas. CA.

Model 431. Philips Electron Instruments.
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Fig. 1. Scanning electron micrograph of a -y-Ca2SiO 4 fragment
transformed from the 03 phase and shattered into needle or lath shapes
separated by parallel cracks.

and grain-size variation of 13-C 2S particles after different annealing temperatures
and hold times. The TEM specimens were prepared by standard ceramic
polishing, dimpling, and ion-milling techniques.

At the microscope, the average twin widths were obtained by tilting P3-C 2S
grains until twin planes were parallel to the incident beam direction. The twin
width was defined as the length of a C S particle in the direction perpendicular to
the twin planes. divided by the number of twins in the particle. The average twin
width was obtained by averaging the values from all the particles analyzed.
Typically. 30 to 50 particles were measured per sample.

Results
The dusting phenomenon of a pure C2S pellet sintered at 1450 0C for

90 minutes and air quenched, is illustrated in Fig. 1. Typically, the Y phase
appeared as parallel needles or lath shapes bundled within a fragment. The same
effect was also observed in a CZ-30 vol% CS sample which was hot-pressed at
1500'C under 34.5 MPa (5000 psi) for 30 minutes and found to be shattered
several hours after removal from the hot press. Similarly, another CZ-30 vol%
C2S mixture sintered at 1600'C for two hours underwent some P-to-'y transfor-
mation when the surface was ground and polished (Fig. 2). It is seen that extensive
cracking was induced in the adjacent area.

To investigate the effect of various parameters on the C2 S particle size and
hence on control of the 3-to--y transformation, the processing conditions were
modified as described earlier.

X-Ray Diffraction
Figure 3 is a plot of integrated X-ray peak intensity ratios of y( 130)/[y( 130)

- 3(103)1 as a function of annealing time. It is evident that prolonged annealing
at 14000 and 1500'C did not increase the amount of -y present, which is contrary
to what was observed in pure C2S systems.

Scanning Electron Microscopy
Figures 4(a) and 5(a) show the general microstructure of hot-pressed and

sintered samples. CS particles are irregularly shaped, and intergranularly dis-
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Fig. 2. Scanning electron micrograph of a CZ matrix containing a ,y-C2S
particle transformed during grinding and polishing. Extensive
microcracking occurred in the surrounding areas.

1.01
1.0 ANNEAUNG TEMP.
0.8 - S 1500°C

H P 14004C
S0.6

.*- 0.4 H P , .

0.2

5-0 20 4'0 80 160
ANNEALING TIME [HRS]

Fig. 3. Integrated X-ray peak intensity ratios of -y(130)/[-y(130) +
3(103)] as a function of annealing time at high temperatures for both
hot-pressed (HP) and sintered (S) samples.

persed in the CZ matrix. A certain degree of agglomeration was also observed in
both specimens. The sintered specimen generally had a coarser CZ grain size.
Prolonged annealing did not change the phase distributions in both types of
specimens (Figs. 4(a), (b), and 5(a), (b)).

Grain-Size Analysis
The sintering process generally resulted in a coarser grain size than

hot-pressing. In particular. the average CZ grain size of sintered samples was
about an order of magnitude larger than that of hot-pressed samples. In both types
of samples the average CZ and CS grain sizes showed an increase on annealing,
reaching an almost constant value in a short time. Longer annealing times only
slightly increased the grain sizes (Figs. 6(a). 7(a). The final CZ and CS grain
sizes in hot-pressed samples were about twice their initial sizes, respectively,
while sintered samples grew by only a factor of 1.2. It was interesting to note that
the average CZ grain size of hot-pressed samples was slightly smaller than the
average CS grain size. In contrast, in sintered samples, average CZ grain sizes
were three times larger than the average CS grain sizes.
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Fig. 4. Scanning electron micrographs of (a) typical microstructure of a
hot-pressed specimen before annealing; (b) microstructure of the same
type of specimen after annealing at 140000 for 160 hours

Fig. 5. Scanning electron micrographs of (a) typical microstructure of an
as-sintered specimen; (b) microstructure of the same type of specimen
after annealing at 15000C for 40 h and slow cooling.

Transmission Electron Microscopy

Transmission electron microscopy studies confirmed that irregularly shaped
CS particles were intergranularly dispersed in a polycrystalline CZ matrix (Fig.
8). 3-C 2S particles were typically twinned on the (100) monoclinic plane. 5 '7 and
some agglomeration was also observed. Extensive microcracking was noticed at
P3-matrix and 3-1 grain boundaries (Fig. 8). A transformed "y-C2 S crystal
containing numerous dislocation tangles and surrounded by a microcrack was
found (Fig. 9).

Twin width analysis of hot-pressed specimens showed an average value of
0.09 p.m for unannealed samples, which became 0.18 ptm after 10 hours at
1400'C. Further annealing caused a slight decrease in twin width (Fig. 6(b)).
Similarly. for sintered specimens. the initial average twin width of 0.11 l .m
increased very slightly to 0.12 p m after 40 hours at 15000C (Fig. 7(b)). The
.tandard deviation of the twin width analysis for both types of specimens was
large, approximately 10 to 50cl,,. Nevertheless, it is interesting to note that the twin
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Fig. 6. (a) Plot of average grain sizes (determined from SEM
micrographs) of C2S and CZ for hot-pressed samples annealed at
14000C, as a function of annealing time; (b) corresponding plot of twin
widths (determined from TEM micrographs) of f3-C 2S as a function of
anneal:ng time. ..
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Fig. 7. (a) Plot of average grain size (determined from SEM
micrographs) of C2S and CZ for sintered samples annealed at 15000C,
as a function of annealing time. (b) Corresponding plot of twin widths
(determined from TEM micrographs) of 13-02S as a function of annealing
time.

width increases of 2 and 1. 1 observed by TEM parallel the grain-size increases of
2 and 1.2 observed by SEM. in hot-pressed and sintered samples, respectively.

Effect of a -U G' Cooling Rate on Microstructure

The kinetics of couling through the a - 0'H transformation is oeiceved to
have a strong influence on the 13-to--y transformation .1)-14 The SEM
microstructural differences between fast-quenched and slowly cooled samples is
illustrated in Fig. 10. Irregular, wrinkled features were observed in CS particles
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Fig. 8. Bright-field TEM micrograph of the hot-pressed CZ-30 vol% C2S
microstructure showing an irregularly shaped, intergranular 13-C 2S
particle. Typically, it was twinned on the (100) monoclinic plane.
Interfacial microcracks were frequently observed (arrows).

.... 0 .

a

1 OTI

Fig. 9. (a) Transmission electron micrograph of a confined -Y-C2 S
particle containing numerous dislocations; (b) the corresponding
single-crystal SAD pattern in the [101] orthorhombic zone axis projection.

.- -~- -. of fast-quenched specimens. which were absent in slowly cooled specimens.
Further investigation by TEM revealed a "herringbone" microstructure of internal
twins (Fig. 11 (a)) or parallel bands (Fig. 1 (b)) in rapidly quenched specimens.
These are similar to microstructures seen in chemically doped CS samples. 2 -2 _

Discussion
As reviewed earlier, a particle-size effect operates in controlling the occur-

rence of the P-to-y transformation in CS. This is analogous to ZrO2 -toughened
systems. However. in ZrO. a single-crystal tetragonal particle transforms a
twinned monoclinic phase, whereas in CS the starting 03 particle is already
twinned before transtorming to -y. This gives rise to an ambiguity in definition of
critical particle size. Specifically. a critical volume of particle for transformation
could be derived from either: ( I ) the overall particle size. (2) the twin thickness,
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a

Fig. 10. Scanning electron micrograph of polished specimens of (a) a
hot-pressed sample annealed at 14500C for 5 h and slowly cooled at
50 C/min through the a -a 'H transformation; (b) a hot-pressed sample
annealed at 1450°C for 5 h, but quenched into liquid nitrogen.

Fig. 11. (a) Transmission electron micrograph of a hot-pressed sample
annealed for 5 h at 14500C and rapidly quenched into liquid N2. (a) A
"herringbone" type of twinned structure was usually observed in P-C2S
grains; (b) alternatively, a parallel banded structure sometimes crossed
the 3 twins.

or (3) both twin thickness and twin length. In this light, it should be noted that the
3-CS twins actually formed during the (I'L to 3 transformation on cooling at
6750C. which is far below the annealing temperatures of 14000 to 15000C.

Detailed evaluations of TEM micrographs were made in terms of twin
thickness () and particle size as defined by the lengths (L and L'), parallel and
perpendicular to the twin plane, respectively. In both hot-pressed and sintered
samples a general trend of increasing twin thickness with increasing particle size
was observed. This is consistent with the correlation between average values of
particle size determined by SEM and twin thickness. However. as seen in Figs.
6(a) and 7(a). the absolute values of twin width differ between hot-pressed and
sintered samples.

With respect to (3) above, twin lengths may also be relevant in determining
the critical particle size. Twin lengths were shortened by cross twins in the

153



herringbone pattern (Fig. 11) or by the parallel bands (Fig. 12) both of which
resulted from fast cooling through the at - aX'H transformation.

Conclusion

The particle-size effect of dicalcium silicate in a matrix has been investigated.
The definition of the critical particle size of the 13-to--y transformation may depend
on: () the overall CS particle size, (2) the 3 twin thickness, or (3) both the 3 twin
thickness and twin length. Microstructural observations by SEM and TEM suggest
a correlation between (1) and (2). Furtherm,-re. fast cooling kinetics through the
a - Ct'H transformation modify the 3 microstructure by forming a herringbone
pattern of twins or parallel bands, thereby reducing the twin length (parameter
(3)).

The CZ matrix constraint retains P3-C S under conditions where normally
-y-CS would be expected in single-phased CS systems. This may be due to 3-CS
particles being below the critical particle size for transformation. Prolonged
annealing at 14000 and 1500°C, followed by slow cooling, essentially (a) did not
increase the -y content and (b) did not change the C2S distribution. Microstructures
containing P3-CS particles of the critical particle size may be developed by
optimizing the processing conditions used.
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MICROSTRUCTURAL CHARACTERIZATION OF LASER-MELTED/ROLLER-
QUENCHED DICALCIUM SILICATE

C. J. Chan, K. R. Venkatachari, W. M. Kriven and J. F. Young

Department of Materials Science and Engineering, Ceramics Division,
University of Illinois at Urbana-Champaign, Urbana, IL 61801

Dicalcium silicate (Ca 2SiO 4) is a major component of portland cement.
It has also been investigated as a potential transformation toughener
alternative to zirconia. 1-3  It has five polymorphs: c, a'H, a'L, 13 and y.
Of interest is the 13-to-y transformation on cooling at about 4900 C. This
transformation, accompanied by a 12% volume increase and a 4.60 unit
cell shape change, is analogous to the tetragonal-to-monoclinic
transformation in zirconia 4 . Due to the processing methods used,
previous studies into the particle size effect were limited by a wide
range of particle size distribution. In an attempt to obtain a more
uniform size, a fast quench rate involving a laser-melting/roller-
quenching technique was investigated.

The laser-melting/roller-quenching experiment used precompacted bars
of stoichiometric y-Ca 2SiO 4 powder, which were synthesized from AR
grade CaCO 3 and SiO 2 -xH 20. The raw materials were mixed by
conventional ceramic processing techniques, ano sintered at 14500 C.
The dusted -- Ca 2 SiO 4 powder was uniaxiafly pressed into 0.4 cm x
0.4 cm x 4 cm bars under 34 MPa and cold isostatically pressed under
172 MPa. The ,-Ca 2SiO 4 bars were melted by a 10 KW-C0 2 laser. A
laboratory-built twin roller quencher with titanium rollers was placed
about 15 cm under the bar. The quench rate was estimated to be of the
order of 107 C.sec - 1.

The as-quenched flakes had a thickness of about 60-70 I.m. X-ray
diffraction revealed broad peaks corresponding to those of the 3 phase.
SEM observations showed only surface striations from the rollers
(Fig. 1). By TEM, no amorphous phase was found. The Ca2SiO 4 tended to
form elongated grains with a 13 twinned structure (Fig. 2). A high
density of dislocations was observed inside each grain together with
modulated fringes (periodicity = 2 nm), as indicated in Fig. 3. Upon
annealing at 6500 C for IC :-.ours and furnace cooling, X-ray diffraction
showed more well-defined 13 phase peaks. The dislocations and
modulated fringes were not apparent after annealing (Fig. 4). Grain size
analyses of the TEM microstructure of as-quenched specimens revealed
a narrow size distribution.

This work indicates that it was impossible to obtain Ca2 SiO 4 in an
amorphous form even with the fastest quenching rate. However, the
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narrow grain size distribution and preliminary annealing experiment at
650C suggest that it may be possible to study the critical particle size
effect in Ca2 SiO 4 by a combination of laser-melting/roller-quenching
and systematic annealing experiments.
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5. On 2-

FIG. 1.--SEM micrograph of an as-quenched Ca 2SiO 4 flake.
FIG. 2.--TEM BF image of an as-quenched specimen showing elongated

1-Ca 2SiO 4 grains.
FIG. 3.--Higher magnification of the as-quenched Ca2 S'0 4 showing a hi0h

dislocation density and the modulated fringes in each twin.
FIG. 4.--TEM BF image of laser-melted/roller-quenched Ca2S10 4 after

annealing at 6500C for 10 hours.
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tDicalciurn silicates haling (a() SiO.2 molar ratios of 1.8 to %%ater. %%hereas the y-Ca2 SiO, i~s essentiall unreactiwe. The
2.2 %sere sintlered at 14510 ( for 90) min -Aith or %%ithout small 13 polr morph is known to be stabilized by the presence of
qtuantities of dopants IK.( or ;%I0) and vsere air quenched. '.arious ions.' ' w4hich also affect its reactivity wkith water to
[he microstructures of the tired samples %%ere characterized some degree.
using electron mhicroscopy (SEMl and TEI and associated There are reports" that CaSiO, can take up excess lime in
microanali tical techniques. There Asas no exidence for the ex- solid solution. thereby stabilizing the /3 form and increasing it',
isteflce of Ca, SiO, or (*a2 2Si Oj,. Amorphous grain- reactivity. Up to 6 \Awt'7e CLIO (corresponding to a CaO/SiO, mo-
houndari phase% %%ere obseried hetsseen grains and as lar ratio of' 2) can be taken up wvih'- or " ithout' other dopants
inclusion% %vithin the grains: the amounts decreased as being present. On the other hand, excess silica (2.0 w;tli of SiO.i
Cal) Sit, ratios increased. The compositions of the amor- has been reported to stabilize the y form.'4 In the light of recently
phous phases is er alis a.%s rich in dopants and had a reported complexities in the microstructUres of doped dicalcium
Cal) Sio. ratio close to that of %%ollastonite. High levels of silicate preparations."'- we have reexamined these claims, using
%1 ,Jl %sere obsersed to enter the Ii-C'a SiO, grains under KO and Al.20, as dopants. Preliminary results" "~ indicated that
limne-rich conditions Wa() SiO, = 2.2n up to a saturation these claims could not be -substantiated. It \&'a,, found that the
le% c itf ahout 3.0 s't IfC( Some additional cr% stalline phases presence of amorphous glassy phases and additional crystalline
%%ere obsersed to form depending on stoichioimetry and dop- phases, accounted for the apparent departure from stoichiomietr'
ant lexel. and caused a variable distribution of the dopant in fired samples.

Complete details, are reported here.

1. Introduction

1~\ F1 vNit iH \11 iCaiSi(~ ) an exist inl (isc pol\ morphic 11. l~Exp leietal Procedure
D t01i', . k . x',. and it ( nl, the -Y form is stable at Tlhe CaSiO, samples under study %kerc prepared from rcacet-

r 'iir mpcIrCI ,tu.- l, th thers beinL 'table at inceasinufl' hlighcr grade CLIO. K .Co,. Ah(OH . aind hy~drated silica ( SiO .VHO(.
tcmocrmiurc, [he rnoln,)icw13 oiritrhombi,. iyi poil\ or- using three difl~'ient Ca) 'SiO. miolar ratios (1.8. 2.0. and 2.21.
phi, traiii'triiiltln rhi'.%kli i'. e'6c a significant increase ito %hich different amiounts (it' K2() or AI.O. were added. Dopant

in'' 111 pC,:fti %1.1niC an1d i -4 6 unit-ocll shape chaii11gc. contents, %%ere (0.2. 0,.5. I .0. and 1.5 "t(4- for K_,. and 0(.5. 1.5.
trpi~tiir, the miteriol t'l a tine pi'.dcr Iisi ttiantoriation has 2..3.. and 4.5 \,\t'' for Al .0. The CaO,'SiO. ratios, \%ere cal-

bilk ~ ~ I t11111tC 'Irart is t the retraconal -inon1iClInic culated taking into account the dopant substitutions fassumneL
rain'trialirin In /i170111iCand 11,iN hCCnI11~ sb'. il to a'c thle pi)- 2K replaced ('a and A[- replaced Si4 *i
frnii ftr tri,to)rniuitiii J1rbni (a. Sit;( , is a irinp(r- [he rass materials %%er crct vrouind and homnoveni/ed with iso-
lit f1111[i0relt III p'irt! and Clcilt and re k,ic readI1 i \k tth props I alcohol InI a ball imill,. tollossed by dryine! at l0O -C. dr'.

illing'. calcinine at ill) C' (or 90t rmin. sinterine at 1450) C
I . ir 90 filmin. and air L ie netting .Each fi red sample \is as root inirI
exoanmnd h), Vra'. diffraetomectr' i\R) to determine Its

f N-, I ~he stabiliied '. aSiO,! salliples isere furthert exam11Cin using a

I ~.. r 'uL'r'5 nuiribr (it methoids lcettn prolbe iicroanalsis \ PIAI'as
N' '1 V ;11 ,1 1 ~ - lnr-kol ploi 1d it, estimate thle extent ot act1al dopant uptake and the

IIi \1O sk N d -,1 , 4&1, stichIiomctr. oft the slabili/ed ('a Sio, grains and tol anal'. c anl\
L seccmid phases present I eternimnat ion ot (iee lime h\ etlh'.lcne

i I M, ...... t I . g toilicol extractioin isA as made tol check thle comipleteness ofl the (ir-
IF F F i,~, Il-) 11, Ix a ' d 1 ' h, incy process Scannini! elctronmi iroscoip FSIAil i\%sas used to

NI '' '' ' ~ r St .u. r.,i \,F "fsull\ the ,\cetll tricrostrmeturc otl polishedC and 0( 5'( \'\IL
\.1 INV 1 1 Ill' Fr I '.1 s I -'ll l l ~ tFr-I etchedk hulk specimens Spiciiiens (or SI-AI arid] lFVNl.. studies

.1 N.. isre iriinted In epi\ .Ind polishel tol 1) 2S [till using standard
f itretallographic technilues.
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Table 1. Poli niorphisni or Samples as Determined bl Table 11. Formation of C'rystalline Phases on Annealing*

AnnelingSample annealecd
\o~lVIC [ito (',1) ,it) 1(CI I KI I X/.2 3

I2--14M( W (R)' (G)
K,( III) Y vY .1 13MK W R W ~-()

(I Y ' J l /3 20(0 W ( R) G w

13}/ 3 1 10(K) W -( R) G W
I5 ji R Yt 3 Y 13 -Y i'ha'&, Ii~ed aire in additiorn to Ua.-Si),. a, detected bN XRI) G is echlenire

Ml () UY 11 V 3) tCauAl Sit) 'KI. I, %o utfliiCt t-C Si) i: and R i, rankiiiti Ci ,Si: .' Sample
Y in %%hich Cd)) Sit) - 1 8 anld doiped ith0 It() "V;% K'0. Samiple in n hich

.5 /3 /3 y (.i( Sto. - 1 Xt *nd doped "ith 2 3 "t'i AMO Mjor phaise is giscn fpirst,
J3 iv 13 Y, m 3 orph, in- paircinithts, ire prefleit tinl in trace amoiunt,

4 5I 13 tic Yuc~x -r ut.lrt c, I . ;A C Tasiso electron mnicroscopy (TEM)' was undertaken to
K I nil V i Ik cnnrlun cach ani uru pccw uc.S tir pha~ ns, pcn studs' the mnicrostrut rimre on a fine scale and to identify phases

1 ISI inII 5 . c 51~ci m I~lsit runi~ toru Ru hI, Ca iO crystallographically. Quantitative analyses uigeeg ipr
soxe spectroscopy (TEM/EDS) were based on the thin-film ap-
proxinmation (TEA) using programn THIN. version 2.3. as a

SI i-2u Ici \I~' hulp. ~icnuuuu~Iuunrnunuunr. K\t~u, comparison with the EPMA results. Experimental proportionality
\1 4.. 11.. Ij I- c 1 upilln tI ucusd~cric.cru c pm ll constants (K ratios) for TEM EDS analyses wkere obtained froml

k l " c natural or synthetic standards, a synthetic rnullite (2Al'O- SiOl)
* N ,u.Ir.,Iku mithud hcS HI -\u termanroik uk tlI sme crN sta * * for Si and Al. and synthet ic wkollastonite

I S~nciu I~n -in. .n~hci '~(CaO -StO ) for Ca and Si. The thickness wkas kept below, the

TFA limit by monitoriniz the beamn current and overall count rate.

c.

o c

Fig. 2. \nirphniu. irin-bunnalr\ phaw~ ivh iht a . ili-i itch Nxpccien
Fig. 1. ThM ' Imicringraph, it dicailourm Nilicate, doped ".ith 2 Ai' Cat S10, 1 .51 doped % lh 2 v1 kklt) A A) 1AI HI niiicrinprai
Alt) itC'S is (a t) Sit)i (.5S is (Xi-Sit) and tit FDS) specin



Septemlber 1988S Amilzo/viu letroni M~icroscopic Studie.% q/ D)oped Dica/cium Si/huh'es 715

Fig. 3. IS micerog raphs tit narrmt-banded tlrutUre, irrilti w aros,.li I t0i in, in doiped lime-rich spec imns
ii~() Sit) 2- 01 hands filled tt ih second pliiie in at I 5-'ti'i-K .0-dOped specimen and hi inipt hands ('rack,)
in I o1

\t' -A1:Ordiiped lpeimen.

Im wm ~eal -tii-110ic rat ios tor minor elements \% cre thle major dIil- marked difference in the narrot~ -bandedI structure betm~een K, -
tiCLi lt\ and l()urcc of erroir dliu, ne ech analis.i* The effect of doped and A! 2(i)-doped specimens, In the foirmer. the bands con-
beam heatinL, on specimien comiposition \\ as alm chcckedI befoire tamned the amnorphous boundar\ phase ( Fig. 3 ,A . heireas this
e ach set of anlakx Speicinicn, tor IFNI \\ ev pr-cpared b\ \.ic- t% as absent tin the latter \% here the hands appearedL to be parallel
LIfLITI iiiprtn~atiiin follomt d b% Itaindard( nIieChan,1ial 0thinn111n-. cracks H .3(B).
diiipliti. and ion-illini tchniqIuex. (hei ion-thin"ned specimens

%ecrc theni iitdt C Cit %Il Carbi in i B) f'llmio of Adithioa (r i-i n/ic I'Iio . Other
cixxt alline phaxecN \ere oiixrervd wo I"rm Mihen the C.a() Si()- ra-

Ill. Results to dec iated front stoiehionietr . L'ndcr silica-rieh Conditions
(Ca() Sio, - I X). rankinite (Ca:SiO I %%as detcd b\ NR[)

UI .X-raY D~iffraction [ able 1) and FENM (Fiig. 4) in the K -- doped sx -tem v. hen the
Liahic I prcxentN X-ra\ diffraction data ax, at function of dlopant doiping \C \xcit I's %.5 I'('t . In the Al 0 <opedI xx xter. _chlenite

ontent and ho%%s that. In the abxelce iof' dopant. the 13 ioriii Cat Al-Sit) crxxtals v crc obxerxedl b\ hoth \RDI) nd VLSI
oUld not he xtabili/cd undecr the cooliniL condi tions u'ecd M xx he the dopini- level xkal equal to ort hingher than 3 AxIfA)

a Sit), bc~ai the niajo phaxe Mixt he m" xt K 0 iir (I S, \W, t' lileV. Both ran1kinlitC and uciendeit :rxstal, \kce identified b\
\1 () xxix addedi. but thevre %kax not clear Indication that decparture election d111iifraetio and mlieroanal I ic 1ble I nd! both ap-
Inmi toi,:hwmcitr\ infntced the pokxiioiphic ciimpiositlioin Ill a1 pei[d t0 be CIx xtali/1ine frii iiih amiorphouis grainl-biUndarxA

%L,1 Iitnfi xxx i intcrc~tine to note that soime Alt) -dlopedl phaxe (Hpi. 4 and 51. .-\lthomueh their liorinationl xx ax consistent

*im~plx 'hioxNed delaxed tralisfirimation Wkhen the (a,() Sit). ra xx ith pliase diaegrai. thec chemical ciomposoition (i (the arnirphoux
ti. xxa, I X. the: prcexeice of lii%% imeI~ crx xtalfiie phiaxex \kil axe- phaixe before Crx xtafi/atiinoccure OCU xCL akil quite Close to that ot
teeted.otimn their ioriiidtinl ill predicd from phase kxollaxionlite iaSi() 1. ('Pon annlflinlel at teICnperatrex belixx\ the
diagraim, L. pi n aiincal nLe at x ariol tiCmI)iratre hcliixx the tir- sintering1 tenIIIip raC. %xollastonite crx talli ied prexunuibix also
inc,- temperature t(r I It. 1inciCaineIIL iiantniex1C of sucLI phMixe kCere tr11iiiite aitlOrphiiux phase (sxee table 11). For hlme-rich samiples

jbere i hoxkii in lablel 11 1Catl) Sit) - 2.21 \\ll ith 0 inch clx of Alt). -3 0 %\V" I Irical-

(2) Electropn M1icroscopy Oh'.ervaion w, 1111,1 ('tA , ll r:AII iiaeWlS(,
ix cre detcteid and cuintirined b\ NR I). lcion111 Lill fraction. aind

1) (,(,i(nal 111, 1N-oo [I(/( Staiilid /I-(a Sit) I prii- iii10icanlaklx . IItriciUII aluinina11,te Crx staIx foriiied ariiun1d thle
tionx xxhiih L:iifiiiicd eithecr K ( or Al\1) it, d(pan iimi xh im~ 3 C-(Sit I prmi lie A-w i0. 1 sIli \ ax haxe beentde toifthe tio\\
croxtruicLire1 txpical of htitx:hx it]nli A erainl-boundar\ eufeetlic temp~c'iire 133i U fliri thCMi .1. )AI, Sit ). phaxle
phaxeL xx .ax prmlilit ill all s ilica reI 11 pa i~ra )it d iaeaiiii ut tile ciiipiixitiiii lalli.c xtuiid [lie iimatiiin (iti
(aJ) Sit) I Si id ntl a ."fx prcxelif in 11 limerih xaiiiplox (a \1 (0, andi that tif (a Si(I xxerec both eonimxlixten \x ftl the

iCa() Sit) 2 2., Atlfu \erx Miiic reCe~il Mi %111111iW In phiase til'iierai ailthough tie amilutijix are tooi smiill to be dcetcd
dix Idual (ai Sit, i. cram %cre. for the mioI Part. xeparaitcd bx lix Uk-~Lxiiiiflk h\ \RI)
phase ececpt in lineich iipecimnien SeIlcka electron dILI ii' -h

iraction of I ntcrc'raU lar areax. s uchi ax Ie1- 2. xlim xcii that the (3) Quaitative' .liuraanahxvis

Fzrain boundar\ phase %kill amiirphoixI lie rexultx (11 I-N FDS) quanllltitti .,iialx's Ofi 13 Cdi.Si( )
the /I-Ca Si() grains ill slhoxx lcu he aciitixtict.x minied viiix fiii K .( dopedil dAt () -duped 'eCLimeux aMe xhoxxi Inl

lanmcilar structure \xhich c4irrexponidCtI to luxlex\ 'S i\Ix It IdI~ l Flixiii (i' Inid S. rexpeetix clx. In inltliix (i the *iiiiorpiui phiases
cation in optical iiiicroxcunpx ti dicalcii xilit-1i1e Ill the fume1 indl itherdtialx RItiM0iii1 phaxex111 inIs~ Ille)C l IIII. Ink-ii
rich xpccinictix. parallel narro\x bind" liniellie cruuxxuie t%% ins idtial en1,1iii-. eriiJii huiiiiuTIiCx. int 1t1L'ii clx stililiTI I)haxex
xx crc treqluent l, uuhxerx d i .' .;(31 iandi (/o Itiexe xxcrc liiii ciiii ic b Iil1\Ck kkltd xx 1 iii hilier ,ieure bCauxe~ i the smilerc
lar it Inxlcx. x tpe I ciassitiition 'thr xxiit ix. hoxxexer a priuhe 'i/C and ettuieti elecItuulbeaml xprecuutini in thinl sectin',n
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(B) (B)

fiL!. -I. 1[, d,' I' I'' 'jib IIII kl III A NlL. I. 1p~in i 111 midi 1111 1 \k I'~p iI

Iii, h e? tI I [ I,! Ii Ci i i it I Ilk Illi t~ Il i il t I II~ ill CI x u b\ Ill Illh hiC I lltelpeu I ii

II. .. .. I C II CC(IC ~ n / ~*. 'i) deai \xi~h~tx t 'II I .~ I I \ uctx , i Ih 'ai x ItI

' i. le I till J11 11 1 [I m pal4 1) Bi 11i1 01 11)i 1: 1 PM I J'ie It ICCI11I ti iiu li II it 1iih mi keI Il 1

C ,i I I .. , i~~~~~~~~ Ii Ct\Ct l~~~~~i 'L rut \ Ih tiili~t\ iix' IiI IC tt liitl I l

Ii i~it Ci~tC iic t bt ii. i t u tt C~C lil i II\ dxxtl diieltiiielt1~liiih i

iuu IhI' I, t hi. llitu. ( )hiu IiiC t t11 i 111 6I' Iok i lkl t c It ii II , \ 1 ,i I' k~ i hiiii lIl . fi l ihlk~hin IxC
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Table Ill. TENIIEDS Quantitative Microanalyses on Amorphous Grain Boundaries and Additional Crystalline Phases
Initial cotttpo..ition

Dpjn ij al + [K:01F Average comnposition [~' CaQI +- 1K,01
contenFatre

tDopant t~" ISiOj+ 2[AI:0I anaheed' CaO Sio, K20 Al12 0, lSiO,l + 2[Ai.,O,l

K.0 1.0 1.8 gb 46.0 50.9 3.1 1.01
2.0 gb 39.2 54.4 6.4 0.85
2.2 NB or gb 63.5 33.4 3.1 2.10

Li5 1.8 CS, crystals 58.6 40.8 0.6 1.56
gb 21.5 70.0 7.6 0.41

2.0 gb 31.1 50.4 17.0 0.89
2.2 NB or gb 59.1 34.5 4.9 2.01

AI.0z 0.I.0) gb 50.6 36.7 12.8 1.05
1-41.8 gb 47.2 43.4 9.4 0.92

2.3 1.8 gb 47.3 45.3 7.5 0.94
2.0 gb 46.3 37.9 15.8 0.88
2.2 CA crystals 64.1 6.3 29.7 3.33'

C'S crystals 72.2 26.7 1.1 2.76
3.0 1.8 C.AS crystals 43.8 32.9 23.3 1.01,

gb 43.3 41.4 15.3 0.79
2.0 -,b 47.7 3.9 48.4 0.84
2.2 C5,S crystals 73(0 25.7 1.3 2.87

CA I')) cry stals 63.5 19.6 16.9 3.37'
4. 5 1.8 C AS crystals 43.3 26.5 30.1 1.05'

ob 38.8 45.1 16.1 0.66
2.2 C73A crystals 62.4 4.7 32.9 3.08'

CA crystals 74.3 24.5 1.2 3.08
'L~quis~ilen~: ,I .itoii ratio iCu 0i %)i Si Alb. "~here Cu. K. Si. and Al are concentrations of each atomnic species CS5 is Ca,Si,0-; C:AS is Ca.AI.SiO-: CA is

('a Sio_. NB1 rhjises Present in nairi's -handed itruoture: gh is grain boundar%. Values hased on repeated analNses. tspicallv 10) or each specimen. Standard deviations Ior
ia

t
) and 5(1. moor eleinents are approkimiatel.% -'; Hor (a SiO, grain,) for K.0) and Al :0 tumior elemnents,. the des iafiofls are s ers much higher because ot poor

.icimal-t" T1oi1 ra.tios IError bars are 'hos~n in Figs 7and 8 \alue of 1C(101 0 . 0,5SiO:] molar ratio is equal to (Cat O.5tSi +- Alt) atonc ratio. 'Value o1
ca ! 1 I Isi 1 iolar ratio, is equal to War Ml iAl -Sit atoinic ratio

IN'. Discussion banded structure of K,0-dopcd and AI.0 5 -doped systems was

(11 Effect of Excess Silica (CaC Si) 2 = 1.8) and IDopant observed. A second phiase was present in the narrowk-banded
.Additions structure of K:0-doped specimens (Fig. 30. but w~'as absent tn

specimens doped with A1I.0 (Fig. .3(8). Similar bands. partiall
.As shoom n in 'Fable 1, changing from the stoichiomectry filled with a second phase. have also been (ibsersed in BaO-_

C'1) SiG. 2"A1 ito silica-rich iCaO/SiO. 1.8) did not sta- doped f3-Ca 2Si0 4.' It is hypothesized that the narrowA, bands are
hilic hc i~htcmc rtur phsc t rom empratre./~ cracks caused by volume changes accompanying the a o o'

Caio %kas stabili/ed itnl "shcen appreciable amounts, of transition. which can be subsequently filled by a liquid phase
dopants. higher than or equal to I %%t'( K .0 or (0.5 \ooti Al .
s%%cre present in the svsttni. Electron ieroscop studies shotss d
that emtensis amounts of amiorphous phase %%.ere associated with
siomte additional cr stall inc phases, itt the erain-bitundars region,
[EMI LD)S quantitative analyses further indicated that the major-
iiN of the ditpat s as lo cated Itn the atmtrphotus gainbolundars
phase. Fbe dipant i b n the /3-Ca_-Sio, graim A~cre mnuch
losvcr than thitse recported pores 0iNI\- and sscere close tio the lint
tts of detection litr the 11)5 tcchritque 1 hese discrepanctes %kerc
belt es d it) iortiinate friomt the natural limnittat ion oft the cxpert titeti
tal techniques t EP.\ d pplied b\ pre. Itus rescarelters. Is shook n1
in l1ahlIc V Tbe tftrmttation of atmorphou s and c r~stalhitn phlitscs
%46as tItI ace irdattes tih tlte r c sttlt phase dtag ratins Ifhe ippaj
Cttt destatittis arise from titetastabilmit.

(2) Effect of 1:xceo ( v alcia ((a() Si02 = 2.2 1and I~opant
Addiionso

Earierreitrs oncrtinoth louiiti i) ~( iO St 1 ould
not he: substantiated I he lformiatiion itf (., St( ). ,ttd CAt A.I (),
so as obsers cc as predicted frotr the phasc- diagitti I'be results iof
[E I-1)5 iD nals ses shi isco that onl% a stmall atmountt itt K 0 I soas

toIttid itt the WlCa iit( ), ramsi Hence. chettucal slahilt/ation so as
less ltkcls [hF relic I Ii ibscrs ed riarrim shandIs ctiji i thi'
tsv trts arc beltesecI ti he characteristic ofi 1,tst cJoiettIcittg 1liri000h

the ir tto,' tratstiirtitin aitd nia he responsible tor [the
stahilt/atiitn effect Similar tticriistructures h-..e also hceti ioh-
scrsecd in otlier ss stems.: It has heen hioo,%t that tite high
temperature J3 phase can be retaitid h\ last quiiicltiiz throughi
the or -- r' tranisformnation in pure C'a .Si( Prepatration A
correlation hetsoeen the narrlo -bhinded structure Mttd stabhiltattitt Fig. 6. Spectinin koitit ('a( SiO 2 2 soith 4 5 \%I"
hK qciicthing thrtULhi the tor - (t transfirmaitiont (lid ailsii hetil AI) shin'. ine ITN Emicrograph o' at tt,,m11litt iluni.

tate I.-\ is Ca - .( I,, at the houtrdars reiew totkitlt inser!
suLccesled . A the oriesponidint! tricalkiuitim alutittatelece ,CCIraC.i

.. \s metioned pres iousl\ . at difference betsween the tiarrosok- dttflr,'iott paucrit. 111o hcanttthdrcctiiin cs
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Fig. 7. TEN FD1S quanti tat me miicroanalN\ e, of /3-CaSiO.~ra~s i K 0-dped~cnensFig. 8. TEM 11)5 quantitative riicroanalyses of /3-CaSiO.
g'rains in AI.O-doped specimens.

prior to solidification. This effect could influence the stabilization lead to erronleous conclusions concerning the level of dopant sub-
of' W( Ca.SiO, ,. At the transforniat'in temperature. this volume tuioinOCi:XR desoteecthprecef
chanc is estimated to be -4 .8"(. to wkhich should be added .t o n~C.i 4  R osntdtc h rsneo
thermal contraction as the system is cooled into the 13-phase field. dpn-ihaopospae.Telwlvldpn usiu

tions found in individual P-CaSiO, g~rains suggest that chemical
(3) Stabilization of I3-CaSiO4  substitution might not be the major factor for stabilization of'

The present results, ,ho%& that i,tudies using XRD alone can the f3-Ca2SiO,. Physical parameters. such as critical particle size
effect,' or additional matrix constraint from a continuous classy
phase.~ I might he more important mechanisms. Patial crystal-
lization of the amorphous phase by annealing has been found to
promote formiation of' y-CaSiO,. .1However, in calcia-rich svs-
tems. appreciable aluminum substitution wvas observed: therefore.
chemical stabilization cannot be completely ruled out. A more
detailed stud\ needs to be conducted in order ito elucidate the op-
erating stabilization mechanisms.

V. Conclusion

Stabilization of' /3-CaSiO, by excess limne in the absence kit
dopants could not hc attained unider thie processing conditions
used. The existence of Ca, Si(t) and Ca, ,SiO, ,could riot be
confirmed. ChanlLCs inl bulk stoichiomectrv wecre atcco1 Mod ated

J-by the fo rmoat ion oft ar amor( phou s grain- bound ar\ phase anrd
V. other crystalline phases,.

The 13-Ca 'SiO, g'rains had the ssell-known twinned larnelar
Structure and their stoichiometry %\ias essentially CaO/Si() --

2.0 _'0. 1. Littlc dopant wkas observed in the /3-Ca.SiO,
grains except for the Al .() ,-doped specimens, under limec-rich

- conditions. %t here les el of A1., tip to 3.0 %%1(,; %crc detected.
The miicrostructures, des eloped were quite comlplex. Under
silica-rich condlit ions W aO!SiO .. - 1.8X, large agglomerates

ifCa -SiO, cramns %%ecre surrounded by extensive amorphous
b utdary phases, which alIso separated the gra ins. Amorphous ini-

Fig. 9. SEM micrograph oit a specimnen \%ith CaO/Si() 1 8 dopeiid clusions'"~crc observed \%ithin some grains. I. rder limie-rich con-
%kith t ii %%V; K .( sho~ing it targc "aggonerate" of /f-Ca:SiO, grain 110
ito) 0 uit conlsisingl of seseral siallcr grains separated hK thingri ditions CaO/SiO, - 2.2). less amorphous phases, %,ere present.
houndarics mi I to ().5 tarn i A narrow%-banded structure %% as trequlentl\v observed \x ithinl 13-
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Table IV.* Comparison between EPMA and TEM/EDS Quantitative Microanalysis*
Initial comtfpostion

Dopant Aeaecmoiinit)
,(intent Mole ratio Technique Features Avrg opsiin(t)

tDopant sst'i CaO SiO2 applied anal'.eed CaO SiO, KO AlIO,

KO 1.0 1.8 EPMA Grain 63.3 35.3 0.7
TEM/EDS Grain 63.8 35.8 0.4

K2G 1.5 2.2 EPMA Grain 64.4 35.0 1.2
TEM/EDS Grain 65.2 33.7 0.6

KO 1.5 1E8 EPMA gb 46.2 49.4 3.4
TEM/EDS gb 21.5 70.0 7.6

Rankinite 58.6 40.8 0.6
A1-O; 4.5 1.8 EPMA gb 42.2 40.0 15.4

TEM/EDS gb 38.8 45.1 16.1
Gehlenite 43.3 26.5 30.1

'Selsc:ts-d data g.1, is aitorphous grain boundars: rankinite is crN stals of* CaSi.O.: and gehlenite is crsstals of Cd,AI,O. 'Values based on repeated analyses, tyrpicallyr 10 for
,-.t.h p-cilmen Standard desiattons titr ('ao and Sit). imajor elemients) are approximtate)) :t2g ifor Ca.SiO, grainse for KO and Al.O, (minor elements), the deviations are
scr inuch his-her becau~s- of poor signal-to-noise ratios. Error bars are showAn in Figs. 7 and 8.

CaSiO. izramns. hit there wNas a marked difference between K.O- -A. Guinier and M. Regourd. -Structure of Portland Cement Minerals.- Prr'i.
dpdand AI:~-oped specimens. In the former, the bands Int. Ssntp. Chem. Cent.. 5rth. 1. 1-32 (1968).

doped A. Ghose and P. Barnes. "Electron Microprobe Analssis of Portland Cement
contained a second phase. whereas this was absent in the latter Clinkers." Cent. Concr. Res.. 9. 747-56 (1979).
where the hands appeared to be parallel cracks. 'V. 1. Korneev and E. B. Bygalina. "Thermal Stabiliz-ation of 13-2Ca() - SiO..-

Othr rs talin pase wre bsrve t crstllie nde I Pri,- tnt. S -mp. Chem. Cent. 5th, 1, 295-88 (1969).
Othe cntalinephass %ereobsrvedto rysallze udersil 'J Forest; written discussion of Ref. 7. pp. .32-37.

ica-fich conditions from the amorphous phase when the dopant "G. Tromel. W. Fix, and R. Heinke. "High-Temperature Investigation to 1900-C
leves xere1.5 tt; K. or 3.0wt% Al2 ~. hey ereidet I on Calcium Orthosilicate and Tricalcium Silicate." Tonziid. Zit'. Kerarn. Runtdsh.

fied as rankinite lCaISSLOi) in K.O- doped _syste ms 'and gehlenite IV. I. Korneev. "Composition Zones of Silicate Phases in Portland Cement
(CaA ISi 0.) tn Al ,O -doped sste s In lime-rich systems, Clinker." Proc. Int. Congr. Chem',. Cent.. 6th. Suppl. Paper. Sect. II 1I tem s. I ' (1974). - . -1

Ca AlO, and Ca;SiO. also formed to compensate for the sto- "A. Wolter. 'Formatioin and Stabilits of Tricalcium Silicate and Alite."
chtomectric chance in AW-5-oped sN .stems. Recrystallization was Ftirschuigsber. Landes Noirdrhein-Westfaen. 3092. 91 (1982).

-"N. Yannaquis and A. Guinier. "Pohmnorphic 0 y Transition of Calcium Or-
c~onsistent with the relevant phase diagrams. thosilicate." Bull. Smc. Fr. Mineral, Cristallogr.. 82. 126-36 (1959).

The stud's suggests that the role of solid-state substitution in "B. Matkos ie, V. Carin. T. Mechanisms in Zirconia Clenic. and J. F. )Y,,cng.
stahli~ne neds t hereeamied nd tat hyscalfa "Influence of BaSO, on the Formation and Hydration Protperties oif Calcium Sili-

saiiii a2SiO., ned obexa ie n ht hsclfc ats: 1. Doped Dicalciuin Silicates." Amn. Cerunt. So( Bull_. 68 181 825-29
tors may be plaingm- a more influential role. (19811.

S. Chopra. A. Ghose. and J. F. Young. -Electron -Optical Studies of Stabiliz-ed
cta and J,1 Dic.-Icium Silicate. Priii. tnt. Cinf. Cent. Mi~rosi.. ith. 11-22 i 19fk3i

IA. Gbose. S. Chopra. and J. F Young. 'Microstructural Characteritatiiin if
Dotted Dicalcium Silicate Polstinorphs.- J. Miaier, Sri.. 18, 2905-14 (1983).

Ak ,Aeg et The auth'rs thank D)r K U' tlsish for %aluable cs- 'C.. Chan. A. Ghose. W. MI. Kriven. and J, F Young. -Microstructure of Non-
Acknohe ledgnmnot:o ,sa, cond!.Med in ihe Cenier for dirniscus- sf toichiometric Dicalcium Silicate Doped with Potassium Oxide": pp. 11-23 ,i 'n Pro.
theii Mateil citin tIcarisc'p an hStne o Eeto icritanabsis h a ceedings oif Beijing International SN mposium on Cement and Concrete. V ol. I.
the tlnicr~~ sit, h Ilo ati'1.irs and he nte orEetrnMcricogniha Beijing. China. 1985. China Building Industrs Press. Beijing. China. 1981t

ihc tiicrsis '' Illnoi ai rhani thiiiptgn'C, J Chan. W. Mt. Kriien. and 3. F Young. 'Microstructure Character.atioin of)
Nonstoichionnetric tDicalciunt Silicate Doped %%ith Aluminum Oxide; pp. 452 53 in
Proceedings iof the 44th Annual Meeting of' Electron MicroscopN Societn of Amier
Ica iEMlSA. A.lbuquerque. N.M. 1986. San Francisco Pre,,. San Francisco. CA.
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